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The  “primitive  equations of motion’’ are adopted  for this study.  The  nine  levels of the model are  distributed 
so as to resolve  surface  boundary  layer fluxes as well as radiative  transfer  by ozone, carbon  dioxide, and  water v8por. 
The lower boundary is a kinematically  uniform  land surface without  any  heat  capacity.  The  stabilizing  effect of 
moist  convection  is  implicitly  incorporated  into the model  by  requiring an  adjustment of the  lapse rate whenever it 
exceeds the moist  adiabatic  value.  The  numerical  integrations  are  performed  for  the  mean  annual  conditions  over 
a hemisphere  starting  with an isothermal  atmosphere at rest. The  spatial  distribution of gaseous  absorbem is assumed 
to have the  annual mean  value of the  actual  atmosphere  and to be  constant  with  time. 

A quasi+quilibrium is attained  about which a cyclic energy  variation  occurs  with an irregular period of about 
2 weeks. The  dominant  wave  number of the meridional  component of the wind is 5 to 6 in  the  troposphere  but is 
reduced to about 3 in  the  stratosphere.  The gross structure  and  behavior of the  tropopause  and  stratogphere below 
30 km. agree reasOn8blg well with  observation.  The  meridional  circulation  obtained  from  the  computation  haa a 
3-cell structure  in  the  troposphere  and  tends  toward a 2-cell structure  with  increasing  altitude in the  stratosphere. 
Although the level of the  jet  stream as well as that  of the maximum  northward  transport of momentum  coincides 
with  observation, the  intensity of the  jet  stream  turns  out to be much  stronger  than  the  observed annual mean. 
In  the  stratosphere  the  temperature  increases  with  increasing  latitude  because of the effect of 18rge-scde motion. 
The  magnitude of the increase,  however, is smaller than  that observed. 

A detailed study of the  vertical  distribution of the  budget of kinetic  energy, of  8VSik3ble poten t i i  energy, of 
heat,  and of angular  momentum  is  made. The mechanism  for  maintaining the kinetic  energy of the  jet stream 
and of the  stratosphere is discussed. It is concluded that  in  the model the kinetic  energy  in the  stratosphere is 
maintained  against ita  conversion  into  potential  energy  and  dissipation  through  interaction  with the troposphere, 
which is in  qualitative  agreement  with  the  resulta  derived  from  an  analysis of the stud atmosphere. In   the tropo- 
sphere, the convemion of potential  energy  reaches a maximum at about  the 500-mb. level. This energy is then 
transferred to the level of the  jet  stream  and to the surface  boundary  layer  by  the so-called pressure  interaction  term, 
thus providing the source of kinetic  energy  for  these  two  levels a t  which  dissipation  is  predominant. As with  the 
results of Phillips (271 and Smagorinsky [37], the  ratio of eddy  kinetic  energy to zonal  kinetic  energy and  that  of 
eddy to zonal ava i~ab~e  potential  energy are computed to be much  smaller than  those of the  actual  atmosphere. 
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1. INTRODUCTION 

The work to be reported  upon  in this paper represent,s 
the results of the initial phase of a comprehensive  long- 
term research program in  the dynamics of the general 
circulation. This  program, conceived in  its present  form 
in 1958, is a natural outgrowth of the two principal 
antecedents : (1) Phillips's [27] two-level quasi-geostrophic 
model in a zonally periodic domain  on a @-plane, which 
initially  demonstrated the feasibility of numerically simu- 
lating  the general circulation, and (2) Smagorinsky's [37] 
primitive  equation two-level  model with  motion within a 
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spherical zonal strip, which considerably generalized the 
hydrodynamic framework. These models have  already 
provided extremely useful information regarding our 
ability to simulate some of the  important gross properties 
of the general circulation and  the processes by which they 
are maintained. 

Both of these models had  in common the gross over- 
simplification of the vertical structure of the atmosphere 
and all that it implies; namely, the necessity for  strong 
parameterization of the  planetary  boundary  layer,  the 
radiative  transfer, convective transfer, and  the vertical 
static  stability.  The role of fronts was highly over- 
simplified, and  the effects of the tropopause  and the 
stratosphere were ignored. The  interaction of the hydro- 
logic cycle  was for t,he most part also ignored. 

The  ultimate objective of this work is to  understand  the 
basic mechanisms responsible for maintaining the general 
circulation and  the climatology of the atmosphere and  to 
simulate the essential (macroscopic) features of the general 
circulation with a minimum of parametric  constraints. 
It was, however, apparent that such a complete step  at  the 
outset would inevitably  end  in  failure  and would only be 
unraveled by going back to less complex versions. The 
strategy  adopted anticipated  such difficulties and took a 
long-range view. We first constructed  with considerable 
care,  and in  fact programed, the most general of a hierrtrchy 
of models in order to uncover in some detail  the  body of 
physics needed, to determine where the obvious weaknesses 
were, and  to give us some idea of the  computational limi- 
tations we could expect. The perspective thus gained was 
invaluable. We then laid out a program of simplified 
models  which can be' constructed as a sub-set of the  most 
general one. The m&n requirements were (1) that each 
model represent a physically realizable state, (2) that  they 
could be  constructed  computationally bp program  by- 
passes, and (3) that  they collectivelp would provide a 
step-by-step study of the behavior of new processes and 
their influence on the  interactive  system. Hence, many 
of the  intermediate models in t.hemselves may lack  detailed 
similitude to  the atmosphere but provide the insight 
necessary for  careful  and  systematic scientific inquirv. 

In  this connection me have carried from OUT previous 
experience the practice of performing  comprehensive 
dynamic diagnoses of the balances of energy, heat,  and 
anwlar momentum. Although this requires what  may 
appear to be an inordinate and inconpous effort, we feel 
that  the  apparent simulation of the synoptic  manifesta- 
tions does not in it,self constitute an understanding. It is 
not inconceivable that  the results superficially may  be 
correct but  for  the wrong reason. Diagnostic i n t e P 1  
techniques provide a very sensitive measure of the mecha- 
nistic similitude of the model to  the atmosphere. In  our 
view they provide the  type of insight from numerical 
studies that one  normally expects to derive from  analytical 
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computation of radiative transfer. It, is clear that a 
simple parameterization of the calculation of radiative 
transfer requires that. we implicitly presume a knowledge 
of the vertical thermal structure of the real atmosphere. 
To avoid the parameterization, we decided to compute the 
radiative flux as a function of an  arbitrary vert,ical  dis- 
tribution of the atmospheric absorbers, such as water 
vapor,  carbon dioxide, and ozone. For the  sake of 
simplicity of computation we adopted a scheme  which 
requires the results of low  resolution measurements of 
absorptivity. Preceding the present study, extensive 
computations of thermal equilibrium  were carried out  by 
the use of this scheme. Refer to Manabe  and Strickler 
[17] for the detailed description of these calculations. 

One of the  most  important factors which  influences, if 
not cont.rols, the general  circulation of the atmosphere is 
t,he process of condensation. The explicit incorporation 
of this process into  the general  circulation  model,  however, 
initially overcomplicates the scheme a great deal and 
makes the analysis of results more  difficult.  Therefore, 
we have introduced a simple  process of moist convective 
adjustment  as a substitut,e for the moist convection, the 
adjustment being carried out whenever the lapse rate 
exceeds the moist adiabatic value. It must  be  kept in 
mind, however,  that^ although this process roughly cor- 
responds to  the stabilizing  effect of moist convection, it 
does not simulate the northward transport of latent energy 
which  could be of major importance. Therefore, this 
numerical study could be regarded as an intermediate step 
before we attempt to study the behavior of a more general 
model  involving the process of condensat~ion. We shall 
discuss the results obtained from the time integration of 
the general  circulation with the hydrologic  cycle  in a 
paper which  follows [IS]. 

In  dealing with a lower boundary of uniform heat 
capacit-y, there  are two extreme choices  in simulating the 
thermal properties. One can choose an ocean-corered 
earth of infinite  heat. capacity for which  one must specify 
the quasi-equilibrium surface temperature. In t,his case, 
the t,emperature specified a t  the ocean boundary would  all 
but control the latit~udinal  temperature  gradient of the 
atmosphere by convect,ion. 

Another choice  for the uniform  lower boundary con- 
dition is a land surface with no heat. capacity. In  this 
case, the temperature of the earth's surface is determined 
by the  heat balance among solar radiation, long-wave 
radiation, and the  turbulent flux of enerm from the 
earth's surface to the atmosphere. By adopting this 
lower boundary condition, we implicitly neglect the 
effect of the  heat transport by ocean currents. The 
numerical experiment with this boundary condition 
constitutes a logical step before the study of the model 
with the effect of energy transport  by ocean currents. 
Therefore, we adopted  this 1att.er boundary condition for 
t,he present study. 

It was our intention to permit sufficient vertical resolu- 
tion to: 

(1) make unnecessary the  Ekman approximation be- 
t,ween the lowest level and  the earth's surface-namely, 
the boundary  layer is thin enough so that  the  rotational 
forces may be assumed  negligible with respect to the 
viscous  forces, 

(2) have  the upper level  high  enough to represent the 
main ultraviolet absorption of ozone, 

(3) describe the gross thermal structure of the tropo- 
pause and  stratosphere,  and . 

(4) provide tropospheric resolution great enough to 
account for the major role of frontal  dynamics and of 
condensation processes to be incorporated later. 

2. SYSlEh4 OF PROGNOSTIC EQUATIONS 
A.  DYNAMIC  AND THERMODYNAMIC EQUATIONS 

Adopting pressure  normalized by surface pressure as the 
vertical coordinate, me write the equations of motion on the 
stereographic map projection as follows  (refer to the papers 
by Phillips [28], [30]): 

-[zn sin (VX-UY) PJT 1 1 

The continuity equation is: 

The hydrostatic equation combined with the equation of 
state is: 

" a4 ET 
dQ"Q 

The thermodynamical energy equation is: 

The not.ations used  in these equations are as follows: 
X abscissa of stereographic rectangular Coordinate 
I' ordinate of stereographic rectangular  coordinate 
t time 
U earth velocity component in X - d i i t i o n  
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V earth velocity component in Y-direction 
P atmospheric pressure 
P* atmospheric pressure a t  the lower boundary 
T temperature 
4 geopotential  height of &-surface 
Q PIP, (P: pressure) (see section 5 for definition of 

&-level spacing) 
0 dQ/dt 
0 dP/& 

!i rate of non-adiabatic  heating 

e latitude 
m map scale factor for stereographic  projection 

=FX ,F, rate of momentum changes due to Reynolds 
P* P ,  stress in the X- and  Ydirections 
- FT rate of temperature  change  due to hteral 
P* subgrid-scale  diffusion of heat 
R gas constant of air 
CP specific heat of air a t  constant pressure 

8 angular velocity of earth 

-? - 

a radius of earth 

vFx vF,  rate of momentum changes in  the X- and Y- 
P* P ,  directions  due to vertical diffusion 

-7 - 

B. SUBGRID-SCALE MIXING 

The momentum  change  due to the Reynolds  stress  and 
the  temperature  change  due to subgrid-scale mixing 
may  be  separated  into two parts, i.e., 

F= gF+ vF 

where subscripts H and V denote the contribution of 
horizontal diffusion and  vertical mixing, respectively. 
According to Smagorinsky [37], the non-linear lateral diffusion 
may be formulated on the basis of Heisenberg's similarity 
hypothesis. If we ignore the  density  variation on the 
constant Q-coordinate surface, we may  take  the viscous 
force due  to  lateral  stress  and the temperature  change 
due  to  lateral diffusion to be 

In this  equation, 101 is the  total deformation defined by 

A is the grid length; ko is a  nondimensional  parameter 
of order  unity analogous to  the Karman  constant  and is 
taken to be 0.4 in this paper. The frictional force due 
to vertical mixing is 

(2Bll)  

where p and g are the density of air  and  the  acceleration of 
gravity respectively. Based upon the mixing length 
hypothesis applied to  the  boundary  layer, the upward 
flux of momentum is computed by using 

av 
v7= PKV (2B12) 

and 

Kv=12i$l (2B13) 

where 1 is the mixing length. As Rossby and  Montgomery 
[32] suggested, we assumed the following simple law for 
the  vertical  variation of 1: 

l=ko(Z+Zo) Z S h  (2B14) 

(2B15) 1 =ko(h+Zo) 6 - H"z h<Z<H H-h 

l=Q H S Z  (2B16) 

where the roughness parameter &=l cm.  According to 
Rossby  and  Montgomery [33], the  thickness of the loga- 
rithmic  boundary  layer, h, is 50 to 100 m. In this experi- 
ment h=75 m. and H=2.5 k m .  

The upward  flux of momentum v~ and heat ,H at  the 

HFT=m*P', [& (P,& -I)+=$ (p,KH by is given by 
where CD is the  drag coefficient at the ground surface and 

(2335) (2B19) 
where 

b(mU)  b(mV) and T+ is the  temperature of the  earth's surface. Since 

be 75 m., these fluxes are  a  function of the velocity and the 

D --.--"___ 

T -  bX bY (2B6) the height of the lowest level of our model is designed to 

b(mV) b(mU) tempe&ure of this level. In order to incorporate the 
bX + b Y  (2B7) effect of f r e e  convection, a very  large  value of CD is adopted Da=- 
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for the computation of vertical heat flux, (vZT)Q+ when 
the stratification is unstable. The large coefficient 
prevents the large temperature gradient a t  the earth's 
surface which  otherwise appears in lower latitudes. 

C. BOUNDARY  CONDITIONS 

(1) Laleral Boundary Condith.-At  the lateral bound- 
ary,  an insulated free-slip wall is assumed to exist. In 
other words, the exchange of momentum and heat with 
the equatorial  boundary is zero and 

v,=o, (2C1) 

where V,, is the component. of the wind normal to  the wall. 
(2) Vertkat Boundary Conditions.-At the  top  and bot- 

tom of the atmosphere, the vertical &-velocity is zero,  i.e., 

Q = O  at Q = O ,  1 (2C2) 

Also, at  t,he top of the atmosphere, the vertical flux of 
momentum  due t.0 subgid-scale mixing is zero, i.e., 

(V7)qPO=0 (2C3) 

This condition is automaticdly satisfied by applying 
equation (2 B 16). 

The specification of F~ and ,H at the eart!h's  surfRce 
(&=1) has already been done in  section B. 

(3) Bounday Con.ditwn .for Raciiati7?lc Traqfer.-.4t. 
the  top of the atmosphere, the downward long-ware 
radiation is  assumed to be zero, and a solar constant 
of 2 ly./min. is adopted. 

At  the  bottom of the atmosphere, the temperature of 
the  earth's surface, T+ , is determined such that it satisfies 
the requirement of the  heat balance tit  tjhe earth's sur- 
face. If we  Assume that,  the heatb capacity of the ettrt.h 
is zero, the balance equation of heat is 

s*+(DLR)*=gE+(vH)Q=l  ( 2 c z )  

where S* and (DLR)* me  the  net downward solar in- 
solation and  the downward  long-wave radiation at 
the  earth's surface, respectively, and u is the Stefan- 
Boltzman constant. The solution of this  equation yields 
a T* which  satisfies the  heat balance condition at the 
earth's surface. Since we have eliminated the daily 
variation of temperature from our model by adopting 
the effective mean zenith angle of the  sun,  the assumption 
of no downward  conduct,ion  int.0 the soil may  not produce 
any serious  difficulties. 

D. MOIST CONVECTIVE  ADJUSTMENT 

As explained in the introduction, we avoided the ex- 
plicit incorporation of the condensation process  for the 
sake of simplicity of the model. A complete lack of 
the condensation process,  however,  would make the 
atmospheric static  stability too unrealistically unstable 
to compare the results of the experiment with geoph.ysical 
data.  In order to simulate the stabilizing effect of moist 
convection as simply as possible, a convective adjustment 

of the lapse rate  to a critical value was made whenever 
the lapse rate exceeded that value, with the requirement 
that  the  total potential energy be unaltered. Implicitly, 
it is assumed that  the kinetic energy of moist  convective 
eddies produced as a result of the  overturning of air 
is dissipated into  heat as soon as it is produced. The 
moist-adiabatic lapse rate, which is dependent  upon 
the ambient  temperature of the air, is adopted as the 
critical lapse rate for the adjustment. It must be em- 
phasized that, in the present model, the effect of lateral 
transport of latent energy is completely neglected. Refer 
to reference [18] in which this effect is incorporated by 
making tho mixing ratio of water  vapor an independent 
variable of the model. 

E. RADIATIVE TRANSFER 

The temperature change due to radiative tra.nsfer is 
computed as a function of the vertical  distribution of 
atmospheric absorbers as well as of temperature. The 
atmospheric absorbers which are  taken  into consideration 
are water vapor, carbon dioxide,  ozone, and clouds. For 
simplicity of computation, low resolution measurements 
of band  absorptivity are used instead of the line intensity 
datta.  The details of the computation scheme hare been 
described  previously by Manabe  and  Strickler [17]. 
Hence only a brief outline of the computation  method 
is  given  here. 

In  the thermodynamical equation, the  heat  source 
term ma,? be  separated into  three  parts, i.e.: 

where q S R  and q L R  are  the heating due  to  the absorption 
of solar radiation  and of long-wave radiation,  respectively; 
and & is t,he heating due to condensation. (In this 
study we do  not incorporate t,he effect of qc explicitly. 
Instead, we adopted the simple  process of moist-convec- 
tive  adjust,ment which WAS described  in section 2D.) 
q L R  is computed by use of the following equation: 

where F4 is the  net upward flux of long-wave radiation 
a t  level Q and is obtainable as a function of the vertical 
distribution of absorbers and  temperature. qSR is rep- 
resented b\7: 

where 8, is the downward insolation a t  level Q, and 
RS, is the reflected upward solar radiation at   the same 
level. In order to avoid the complication in  the  heat 
balance of the earth's surface due  to  the dnily variation 
of solar insolation, it was assumed that  the zenith  angle 
of the  sun is constant  with time. The effective mean 
cosine of the zenith angle 5 is comput,ed by 
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1 1 ,  . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . .  ? I \ FIGURE 2F2.-Diagram of Q levels and  their  approximate heights. ; I  

Notations  are  made as to  where the model  variables  are 
predicted. 

Pole, I 

j , 
I 

" 

were  performed  showing  one quarter of the stereographic  projec- 
tion  plane of the Northern  Hemisphere  (Ar=20).  The free-slip, 
insulated  boundary  (Bndy.)  is  located  one-half-grid-point 
distance  outside the envelope (Env.) of the  southernmost grid 
points in the  Northern Hemisphere, not including the four  points 
on the  Equator  (Eq.)  at  the  intersections of the  coordinate axes. 

The absorptivities of gaseous absorbers under  different 
pressures, and  the reflectivities as well as absorptivities 
of high, middle, and low clouds adopted for this  study 
are described in the paper by  Manabe and  Stricklcr (171. 
Refer to  the same  paper for the climatological vertical 
distributions of water  vapor,  carbon dioxide, ozone, and 
clouds. All the above and  the  surface albedo are speci- 
fied as a function of latitude only. 

F. COMPUTATIONAL SPACE MESH 

Refer to figure 2Fl for a diagram of one quadrant of the 
grid including this  boundary. 

The so-called  "a-system" of Phillips [28] is used for the 
vertical  coordinate; that is, d a h  levels are defined as 
being a t  specified fractions of the surface pressure P* 
rather  than at  fixed pressures. Furthermore,  c0ntra.q 
to normal  procedure with  this u-system, the nine data 
levels used in this model are  not evenly spaced with 
respect to pressure but are  arranged so as  to give maxi- 
mum resolution in pressure a t  the ext,remes of the  atmos- 
phere,  namely  near the ground and  in  the  stratosphere. 
The fractions used, denoted as Q values, are defined as 

&n=d(3-220-,) (2F1) 
where 

2k-1 
a&= - 18 9 (k=l, 2, ., 9) ( 2 m  

reported on here we have  taken-N=20 which corresponds 
to  an  earth distance between grid points of about 320 km. 
at the  equator, 540 km. a t  45', and 640 km. a t  the pole. 

In order to restrict this study  to  the  Northern Hemi- 
sphere an insulated, free-slip boundary is constructed just 
one-half-grid-point distance outside the envelope of the 
southernmost grid points in the hemisphere. An  excep- 
tion is made a t  the  coordinate axes where the boundary 
is one-half grid point inside the hemisphere. This 

TABLE 2F.-Q levels used in model 

Levell  0 I Q I ap 
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hadway between the u values corresponding to fu l l  
levels. 

A diagram of these Q levels and  their  approximate 
heights  is shown  in figure 2F2. The horizontal com- 
ponent of the wind, temperahre, and w are  predicted  on 
full levels whereas 0 is computed on  half levels. Surface 
pressure and  temperature  are  forecast on level 93: where 
Q=l.O. 

3. INITIAL  CONDITIONS  AND  TIME  INTEGRATION 
The  initial condition adopted for the time  integration 

is a resting  isot-hemal  atmosphere  at 289OK. In order 
to save  computation  time, the integration  from 0 days to 
78 days was performed by use of a coarse grid  system 
(..V=lO); further  integrations were then  continued by 
use of the h e r  grid system (N=20). Refinement of the 
grid was performed by  linearly  interpolating wind velocity, 
temperature,  and pressure. During the initial period of 
investigation, a Hadley regime emerges. A circumpolar 
westerly vortex develops in the upper part of the atmos- 
phere  and an easterly  vortex appem near the earth's 
surface, while a single  cell meridional circulation pre- 
dominates. A t  78 days of the N=10 calculation the 
meridional temperature  gradient of 45OC. does not yield 
barocliiic  instability because the horizontal resolution 
is inadequate. However, about  eight  days  after the 
refinement to N=20 (a  total  lapse  time of 86 days), waves 
start  to develop in the surface  pressure pattern, indicating 
the beginning of baroclinic instability. In the following 
two weeks, westerly waves are formed and the polar 
High  penetrates  into low latitudes of the subtropics at 
various longitudes  and forms several  subtropical Highs. 
Meanwhile, the westerly flow extends to  the earth's 
surface  in middle latitudes  and  the single Hadley cell 
evolves into a threwell meridional circulation. 

The  erolution from an isothermal  atmosphere  into the 
stratosphere-troposphere  system is very  similar to  the 
results of the  time  integration preformed by  ,l-lanabe and 
StrickIer I171 without the effect of largwcale motion. 
Refer to figure I of their  paper  for  further  details of this 
evolution. Usually, it  takes 200 days before a state close 
to thermal  equilibrium is reached. However, the cloud 
distribution of the model was changed at 176 days of our 
time  integration  in  order to bring it  to closer correspond- 
ence to  the real atmosphere. It was tEherefore necessary 
to continue the computation to 300 days  by which time 
statistical equilibrium was well established.  Figure 3.1 
shows the time series of the hemispheric mean temperature 
for the period from 175 to 300 days. The 70-day  period 
of 231-300 days wm adopted for our detailed analysis. 
Based upon the time series of temperature shown in 
figure 3.1, it may  be concluded that we reached a state 
close enough to  the  state of thermal  equilibrium before 
the beginning of this period. 

In  order to evaluate the degree of convergence toward 
the  state of quasi-equilibrium, the hemispheric mass- 
weighted integrals of various quantities  other  than 

I I I I I I I I I I I I I I I I I I I 1 1 1 1 1  
180 IW 200 210 210  230 140 150 260 270 280 290 300 

DAY 

FIGURE 3.L-Time  variation of hemispheric mean temperature for 
the period of 175-300 days. 

13 H 

2 &"' i z  
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240 m ia 2l8 2tn m 
011 

3oE 

FIQIJRE 3.2.-1n the upper  part of the figure, the solid  line shows 
the time variation of the hemispheric .mean of kinetic energy for 
the period of 231-300 days, and the long-dashed and short-dashed 
lines  show the time variation of the hemispheric mean of con- 
version  and of dissipation, respectively. In the middle part of 
the figure, the time variation of total available potential energy 
and pss static  stability are shown by solid and dashed lines 
respectively. The rate of generation  (source) and conversion of 
available potential energy  are also shown by solid and dashed 
lines respectively. In the lower  part  of the figure, the solid line 
and  long-dashed  line  show the  time series of the hemispheric 
mean of absolute angular  momentum and of relative angular 
momentum  for the period of 231-300 days,  respectively.  The 
short-dashed  line  shows the time variation of the hemispheric 
mean of surface  torque. 

temperature were also obtained  for  each  time step in the 
integration. It turned  out that these  integrals are  very 
useful as indicators of the consistency of the model. 
The upper part of figure 3.2 shows the time  variation of 
kinetic energy, that of conversion from potential  to 
kinetic  energy,  and that of dissipation of kinetic  energy 
for the 70-day period chosen for our  analysis.  Since 
the magnitude of the conversion term varies  violently 
with  time  in the model, the variation  with period shorter 
than 1 day is removed by a rlrnning mean. Vote  the 
variation of kinetic energy is consistent  with the difference 
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TABLE 3.1.-Hemispheric budget of kinetic  energy jot 931-3000-day 
period 

M- conversion of potential energy.. . . - __. - - - - - - - - - - - - - - .... - ._ .. 2901 erg cm.-r sec." 
Mean  dissipation of kinetic energy _.._________.____...-..........-. 2939 erg an.-* s x - 1  

Mean rate of change of kinetic  energy. ___________..._.........--..- 4  erg cm.+ s x - 1  

between the dissipation and conversion. Also, we  com- 
puted  the budget of kinetic energy for this 70-day period 
by performing the  time integration of conversion and 
dissipation. Table 3.1 shows the result.  These  results 
suggest that  the hemispherical integral of the contribu- 
tion of the inertial  terms  almost vanishes as it should 
despite the  truncation error of our time  integration. 

In  the middle part of figure 3.2, the time  variation of 
available potential energy as defined by equation  (AIIS), 
of the  net generation and of conversion as defined by 
equations  (AII11)  and  (AII10)  are shown.  According to 
this figure, the  rate of net generation of available potential 
energy varies little  with  time  partly because cloudiness is 
independent of tune in the present model. Again, the 
difference  between conversion and  net generation approxi- 
mately corresponds to  the variation of available potential 
energy  which is out of phase with that of kinetic energy 
(and gross static  stability).  Table 3.2 shows the budget 
of available  potential energy during  the 70day period. 
These results suggest that, in our finite-difference system, 
the budget of avadable  potential energy  is consistently 
maintained. 

In the lower part of figure 3.2 the time  variation of the 
hemispheric integral of absolute angular momentum and 
that of surface torque  are shown. Again, we notice that 
there is a rather good correspondence between the change 
of absolute  angular momentum and  surface  torque,  though 
the correspondence is not as good as in the case of the 
budget of kinetic energy. The budget of absolute 
angular momentum for this 70day period is tabulated in 
table 3.3. 

This  result suggests that there is a fictitious source of 
angular momentum in  our model. If one compares its 
magnitude  with the  latitudinal  distribution of surface 
torque shown in figure 6A2, one finds that  the relative 
magnitude of this fictitious source is practically negligible. 
The mean value for the area of negative  torque  is about 
3.5X108 dyne/cm., whereas the  magnitude of fictitious 
torque is 5 X loe dynelcm. Therefore, we shall disregard 
this discrepancy in further discussions. 

4. STATE OF QUASI-EQUILIBRIUM 

In this section, detailed descriptions of the  state of 
quasi-equilibrium obtained from the  time integration are 
made.  As we mentioned in the previous section, the 70- 
day period of 231-300 days was  chosen for this analysis. 
Figures  and numerical results which are discussed in this 
and following sections were obtained  for this period except 

TABLE 3.3.-Hemiaphetie budget of absolute  angular momentum for 
851-303Oo-day period 

for  the case specified otherwise. D&a were stored once 
a day  and averaged. 

Since on the stereographic projection adopted for our 
time  integration few grid points  lie on  common latitude 
circles, it was necessary to  perform a linear  interpolation 
to obtain  the zonal mean of any  quantity at a given lati- 
tude. In order to avoid the error produced by interpola- 
tion,  the zonal mean of product  terms such as the  transport 
of angular  momentum, heat, and kinetic energy, which are 
discussed in the following sections, were computed by  the 
processes described below. 

(1) Compute  the  product  terms using the same finite- 
difference method as was adopted for the  time integration 
of the model. 

(2) Obtain  the average  value of the products thus com- 
puted for each of a number of narrow latitude belts. 

A. ZONAL  MEAN TEMPERATURE 

In figure 4A1, zonal mean temperatures  obtained a t  
three  latitudes from the numerical integration of our 
model are shown  on an  adiabatic  diagram  together  with 
the observed annual mean temperatures. According to 
this comparison, the general features of the stratosphere- 
troposphere  system are simulated  very well by  our general 
circulation model. The pole-to-equatorial difference of 
the height of the tropopause  in the model is about 7 km. 
which is somewhat smaller than,  but not far from, the 
observed difference of about 10 km. In  the numerical 
integration, a stable  layer  appears at  high latitudes because 
of the stabilizing effect of baroclinic waves, northward 
advection of heat  by  the large-scale eddies, and  the large 
albedo of the polar cap.  Recently,  Manabe and Strickler 
[17] computed the vertical  distribution of the  temperature 
of the atmosphere  in  thermal equilibrium for  various 
albedos of the  earth's surface. (Refer to fig. 11 of that 
paper.) Although they performed the  computation  for 
the case of large  albedo, the  temperature inversion on the 
earth's  surface  did  not  appear.  These  results suggest 
that not  only the large  surface albedo but also the  effect 
of large-scale motion,  particularly that of the horizontal 
advection of heat  by  the large-scale eddies, is indispensable 
for  the maintenance of the polar inversion. Though the 
stable  layer of the polar region, which is obtained in the 
present  computation, is in  qualitative agreement with the 
observed features,  its  static  stability is less than  that of 
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FIGURE 4Al.-The vertical distributions of mnal mean  temperature 
obtained from  our computation for  various latitudes and that of 
the actual atmosphere  are shown on the left- and rightihand 
sides of the figure, respectively. Light solid line marked S A  
indicates the ICAO standard  atmosphere. 
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the  actual atmosphere. Further  study is  desirable before 
we can decide on the exact cause of this discrepancy. 

Figure 4A2 shows the latitude-height  distribution of 
zonal mean temperature  obtained from our model  com- 
pared  with that of the  actual atmosphere. In general, 
the similarity between the two  distributions  is  remarkable, 
particularly  near the  earth's surface  and  in the upper 
stratosphere. In our model, the pole-to-equatorial tem- 
perature difference is about 42O C. at  the earth's  surface 
and coincides well with the observed difference.  How- 
ever, in the upper  troposphere of middle latitudes,  the 
latitudinal  gradient of the  temperature of our model is 
much  larger than observed, and  this is one of the major 
discrepancies between our model and  the  actual atmos- 
phere. Tn the lower stratosphere of the model, t8he 
temperature increases by  about 14' C. from the  equator 
to middle  latitudes,  but decreases again  with  a  further 
increase of latitude with the result that  the  net increase of 
temperature from equator to pole is only 5' C. It is 
encouraging, however, that we get significant latitudinal 
increase of temperature  in the lower latitudes.  At  the 
top model level in the upper  stratosphere (f/P*=0.009), 
the decrease of temperature  from  equator  to pole is about 
28' C .  which is close to the observed decrease of annual 
mean temperature (24' C.). In general, the  thermal 
structure of our model atmosphere looks very similar to 
that of the observed winter  atmosphere in spite of the 
fact  that  the  annual mean solar insolation was given. 
In their study of thermal  equilibrium,  Manabe  and 

Strickler [17] obtained the  state of the radiative equilib- 
rium of the stratosphere overlying the troposphere  with 
a realistic  distribution of temperature. (Refer to fig. 13 
of their  paper.) According to this figure, the equilibnum 
temperature of the stratosphere increases slightly witah 
increasing latitnde for a July case, but  the equilibrium 
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FIGURE 4A2.-The Istitude-height distribution of the zonal mean 
temperature obtained from  our computation and that of the 
actual atmosphere  are  shown in the upper and lower  parts  of the 
figure, respectively. The observed  distribution is bsed on the 
results  obtained by Peixoto [26] for the troposphere and  by 001% 
1241 and Kochanski [IO] for the stratosphere. The tropopause is 
indicated by a heavy line broken  in middle latitudes. 

temperature  obtained for January decreases monotonically 
with increasing latitude.  Therefore, the decrease of 
tropopause  height  with increasing latitude is si@cantly 
less t.han that obtained from the present study.  The 
improvement accomplished by  the present study is due 
to the  incorporation of the effect of large-scale motion. 
Refer  tosection 5 (Heat  Balance)  for the discussion of this 
effect . 

B. MEAN FLOW  FIELD 

In figure 4B1, the zonal mean of zonal current  obtained 
from the present  computation is compared mth  that  of 
the  actual atmosphere. The  data obtained by Buch [4], 
and  Oort 1241 are used for  determinmg the observed 
annual mean. The distributions  for January  and July 
are  taken from the results obtained by Kochanski [lo] for 
80' W. longitude. According to this comparison, the 
latitude of maximum west wind in the  upper troposphere 
of the model  coincides  well with the observation. The 
intensity of the  jet, however, is much  stronger  than  the 
observed annual mean. By the  thermal wind relation- 
ship,  this result is consistent  with t,he excessive latitudinal 
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FIGURE 4Bl.-In the upper  left, the zonal  mean of the zonal  current of the model atmosphere  obtained  from our computation is shown 
In  the lower left, the  annual  mean of the observed  wind  obtained by Buch [41 and 001% (241 is shown.  The  intensity of the zonal 
current a t  80' W. obtained  by  Kochanski [lo] for both  January  and  July is  shown in  the upper  right and lower right,  respectively. 
(Units: m./sec.) 

gradient of temperature in the upper  troposphere of the 
model atmosphere which  was pointed out in the previous 
section.  A similar tendency  appears in the results ob- 
tained  by Smagorinsky [37] and  Phillips [27]. One of the 
reasons may  be  the absence of a hydrologic cycle in the 
model. We shall discuss this  possibility  in  a companion 
paper [ 181. 

Another possibility is that  the observed annual mean is 
derived from an  atmosphere  subjected to  the annual vari- 
ation of solar  radiation  including  a  polar  night. On the 
other  hand,  our  calculations  represent the response to  the 
annual mean solar  radiation.  There may be  a  fundamental 
fallacy in comparing these two. It is noteworthy that the 
maximum intensity of the annual  mean zonal current  is 
much less than  the average of the maximum intensity at 
80' W. in July and  in January. In general, the computed 
distribution is close to  the observed distribution  in Jan- 
uary though the tilt of the axis of the maximum westerlies 
in the stratosphere is much less than observed. In  the 

tropical  upper  strat.osphere of the model atmosphere,  a 
weak easterly  current  appears. Its intensity, however, is 
much weaker than  the observed intensity which prevails 
in  tropical  latitudes. Refer to figure 4C2 for the longi- 
tudinal  distribution of these  easterlies. 

Next, we shall examine the  structure of the mean merid- 
ional  circulation, since it plays  a  major role in  the general 
circulation of the atmosphere. In figure 4B2, are shown 
the zonal mean of the meridonal wind component and that 
of the vertical wind component  obtained from our model. 
According to this  figure,  a three-cell circulation  appears in 
the troposphere. In  the stratosphere, the circulation 
tends  toward  two cells with increasing altitude;  that is, 
t.he direct  polar cell is squeezed out  by a poleward expan- 
sion of the equatorial  Hadley cell. Accordingly, the axis 
of maximum meridional velocity tilts  northward  in the 
stratosphere.  Mintz  and  Lang [19] computed  the dis- 
tribution of the meridional component of the wind for the 
troposphere based upon an  angular  momentum  balance 
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FIQURE 4B2.-The  zonal  mean of the vertical  component of the 
wind (cm./sec.) and of the meridional  component of the wind 
(m./sec.) of the model atmosphere are shown in the upper and 
lower prrrta of the figure, respectively. Positive values are u p  
ward and northward. 

requirement. More recently, Teweles [41] applied a  very 
similar technique to  the stratosphere.  Figure 4B3 shows 
the combined results. The axis of the maximum merid- 
ional  component of the wind also tilts northward  in the 
stratosphere, however the degree of tilt is  somewhat  larger 
in the  actual at,mosphere than computed  in  our model. 
(Refer also to  the  distribution of vertical  motion  obtained 
by Miyakoda 1211 for winter.) 

Another  characteristic  feature of our results is the  nar- 
row belt of strong meridional wind component  near the 
earth's surface. A somewhat  similar  belt is noticeable 
in the results of Mintz  and Lang 1191. As the result of 
this phenomenon, the meridional circulation cell ob- 
tained by  the model is highly eccentric. It is clear from 
our study of the momentum balance in section 6, that  the 
eccentricity of the meridional circulation  depends upon 
the assumed distribution of t,he vertical mixing coefficient. 
This  is because the change in angnlar momentum in the 
Ekman  boundary  layer  resulting from the surface  torque 
must  mainly  be compensated by  the change of relative 
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FIGURE 4B3.-The  meridional component of the wind (m./sec.) 
obtained  from the requirement of momentum balance of the 
actual atmosphere. The distribution in the stratosphere (30- 
mb., 50-mb., and 100-mb. level) was obtained by Teweles [41] 
and that in the troposphere was obtained by Mintz and Lang 
(191. 

angular momentum due to the meridional circulation. 
Further  study of observat,ional data is necessary for a 
more definitive evaluation of the simulated  meridional 
circulation. 

C. SYNOPTIC  MANIFESTATIONS 

Figure 4C1 displays an example of t.he synoptic  distri- 
bution of temperature, pressure, and wind in our  model 
atmosphere. In this figure the  synoptic  distributions of 
the geopotential lines and  isotherms  are shown by solid 
and dashed l i e s  respectively, and the areas of southerly 
flow are  shaded. These shaded  areas or the geopotential 
gradient a t  these levels remind us of the  actual  situa- 
tion which prevails during the winter. According to 
figure 4C2, which shows  one example of the calculated 
synoptic  distribution of the zonal  wind component a t  
PjP* =0.009, a. very  strong zonal wind develops in middle 
lat~itudes. On t<he other  hand,  patches of easterly wind 
appear a t  low latitudes. According to figure 4B1, the 
calculated zonal mean easterly wind is much weaker than 
observed. It is encouraging, however, that some easterly 
wind  even appears in the simulated  tropical  stratosphere. 

In figure 4C1, the  msps of the tropospheric levels show 
the same  features as those observed in the  actual  atmos- 
phere: for example, the tilt of the troughs with  respect 
to  the meridians  and the lag of the  thermal  trough behind 
the trough of geopotential  height. This is obviously 
necessary for a correct  transfer of angular  momentum 
and  heat.  Accordhg to figure 4C3, the occlusion of 
isot,herms into low centers develops at various places. 
Also at a low level a high  pressure  belt  develops  in the 
subtropics as is found  in  the  actual atmosphere.  Figure 
4cQ shows the zonal mean of surface pressure  in our 
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FIGURE 4CI.--In each map, the solid and dashed lines show the contour heights of isobaric surfaces (every 100 m.) and isotherms (every 
5 O  C.) on  the 259th day, respectively. The areas of eoutherly flow are shaded. 
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FIGURE 4C2.-Distribution of the intensity of  zonal wind at the 
first model level (P/P*=O.OoQ) on the 259th day.  The contour 
interval is 5 m./sec. The areas of easterlies are  shaded. 

FIQURE 4C3.-Surface  isobars (every 5 mb.) and surface isotherms 
(every 5* K.) on the 259th day are shown by solid and dashed 
tines, respectively. 

model? The  latitude of the  subtropicd High  and that 
of the lowest zonal mean  pressure coincide well with 
observation.  The  magnitude of latitudinal  variation of 
pressure  turned out  to be somewhere between the observed 
value of the Northern  Hemisphere  and that of the 

mrved because the model has the same m m  of air as the sctual atmoJphere but it has 
The mesn srufece pressnm of the model stmoaphen? la abaut 28 mb. Iomr  than o b  

no monntafns. 
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FIGURE 4C4.-The latitudinal dist.ribution of the zonal mean Of 
surface  pressure.  Computed distribution is shown by a thick 
solid line (scale on right), and  observed distributions for the 
Yorthern and Southern  Hemispheres are shown by  thin solid 
and thin dashed  linea,  respect'ivelg (scale on the left). 

Southern Hemisphere. Further improvement in the 
similitude of the surface  pressure field may  be accom- 
plished by considering global motions  and admitting 
land-sea  contrast.  Recently,  Mintz [20] successfully 
simulated the distribution of the zonal mean of surface 
pressure in both hemispheres by  taking  into  consideration 
the effect of the land-sea  distribution. 

The synoptic  distributions of vertical  motion  are  shown 
in figure 4C5. Above the level of the tropopause, the 
intensity of the vertical motion decreases sharply with 
increasing height. (Xote that  the contour  intervals  are 
not  the  same for all maps.) Some features of the large- 
scale vertical motion in the  troposphere, however, are 
identifiable in the  stratosphere  despite  the  strong  damping. 

D. HARMONIC ANALYSIS 

In figure 4D1 the energy spectra of the calculated  and 
observed meridional and zonal components  are  shown. 
As indicated bp the  synoptic  charts, the meridional 
component of the wind  in our model atmosphere  has  a 
maximum energy at, wave number 6 in t,he troposphere, 
and  this wave number of maximum energy decreases 
with  inrreasing  altitude in the  stratosphere. As the 
right-hand side of the figure indicates, the same  wave 
numbers prevail in the  actual  troposphere. In the tropo- 
sphere  the energy spectrum of t,he zonal component of the 
wind of our model atmosphere  has  relatively  large 
values at wave numbers from 1 to 4, whereas a sharp 
maximum exists at wave number 1 in the  actual atmos- 
phere. This discrepancy  is partly a result of ignoring 
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FIGURE 4C5.-The distribution of Q on the  259th  day.  The  areas of positive  (downward  motion)  are  shaded.  Note that  the scale 
(contour  interval) is different for different levels. 
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FIGURE 4Dl.-The vertical  distribution of the energy spectra of 
the zonal and  meridional wind  components  are  shown  by  solid 
and dashed  lines,  respectively. The computed  values  are  hemi- 
spheric  means  and  the  observed  data  are  the  average  between 
15" N. and 80' N. The numbers  beside the computed  distribu- 
tions are PIP* ratios. 

the effects of the land-sea distribution  and the effects 
of mountains. If the flow circling around the pole has 
some eccentricity  due  to the lack of uniformity of the 
earth's  surface, the eccentricity of the zonal current is 
regarded as an  eddy of wave number 1. It is interesting, 
however, that  the energy spectrum of t:he meridional 
component of wind is  quite  different  from that of the 
zonal components of wind for both  the  actual atmosphere 
and  the model. In  the model, the  energy  in low wave 
numbers is probably  transferred  from that in higher  wave 
numbers by the  non-hear interaction between waves. 

In order  to examine the vertical  variation of wave 
numbers  further,  the hemispheric mean effective wave 
number 'i at  various altitudes  is  computed for the model 
and for the  actual  atmosphere. ii is defined as follows: 

?;=(f.dEc4)/(fdE(d) (4D) 

where E(n) is the energy spectrum. The  spectra obtained 
by Teweles [41] for the period from July 1957 to  June 1958 
are used for obtaining ii for the actual  atmosphere. 
Figure 4D2 shows the results. The ?i of the meridional 
wind component of the model is close to  observation, the 
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FIGURE 4D2.-The vertical  variation of energy-weighted wave 
number Ti. Dotted,  dashed, and solid  lines  show the vertical 
distributions of the effective  wave  number Fi of the meridional 
wind  component  (hemispheric  mean), of the zonal wind  com- 
ponent,  and of the  total wind  component,  respectively. In  the 
lower part of the figure is shown the vertical  variation of Ti com- 
puted  from  the  results of the harmonic  analysis of the observed 
wind field, which was performed  by  Teweles [41] for the period 
July 1957 to June 1958. The domain of averaging ranKes from 
15O N. to 80' N. 

difference  being only Xi of a wave number. On the  other 
hand the 5i of the zonal  wind component of the model is 
larger  than that of t,he actual atmosphere by about. one 
wave number. The general height dependence of E, 
however, is simulated very well.  As  we shall show later, 
the kinetic energy of the stratosphere is maint.ained by 
energy from  t3he  troposphere  supplied mainly by  the pres- 
sure int,eraction term. According to  Charney  and 
Pedlosky [5],  the damping of the pressure interaction 
t.em with altitude is proportional to  the st,ability of the 
layer, to wave number, and  to  the degree of baroclinic 
instability. Thus t.he theory is consistent with the  fact 

F ~ G U R E  4D3.-The latitudinal  variation of the effective  mean 
wavelengths of the zonal wind  component and of the meridional 
wind component  are shown by solid and dashed  lines,  respectivelg. 

that long  waves predominate in the stratosphere. This 
subject will be discussed further in the section on the 
balance of kinetic energy. 

For reference, the latitudinal  variation of the energy 
spectra is shown in figure 4D3. For convenience in com- 
parison, the spectrum is plotted versus wavelength in- 
stead of wave number. In  high latitudes  the  eddy kinetic 
energy of the  actual atmosphere is much larger than  that 
of our model atmosphere. Again, this discrepancy may 
partly be due to the eccentricity of t.he circumpolar vortex 
in the observed  at,mosphere. It is noteworthy that  the 
characteristic wavelength  increases slightly with decreas- 
ing latitude for both  the act,ual atmosphere and  our model. 

E. DlSTRlBUTlON OF KINETIC  ENERGY 

In this sec,t,ion  we shall examine the latitude-heigh t 
distribution of eddy kinet,ic  energy. Figure 4E1 shows 
the vertical distribution of the hemispheric mean eddy 
kinet~ic energy of om model atmosphere. In  the same 
figure we also  show values of the hemispheric  mean eddy 
kinetic energy for the ac,tual atmosphere  obtained by 
vnrious authors. According t~ this comparison, the ob- 
served  values are mnch  larger than  the c.alculat.ed  ones. 
Although t,hep may be somewhat overestimated because 
of the geostrophic assumption, there must, be ot,her reasons 
for this discrepancy. The level of the marrimurn eddy 
kinetic energy  lies a,t, approximately 200 mb. in  the model 
atmosphere and cointides with that. in the  actual 
atmosphere. 

The latitude-hei9ht~ distribution of eddy kinetic  energy 
is shown in figure 4E2. The lstit,ude of the maximum of 
eddy kinet,ic  energy falls approximately a t  40° X. and 
coincides with that of the maximum  zonal  velocity. In  
fiFwe 4E3 the latitudinal dist.ribution of eddy  kinetic 
energy a t  the 500-mb.  level obtained by Salt,zman [35], is 
compared w6t.h our results. In high lat,itudes t.he eddy 
kinetic energy of the act.urtl atmosphere is much Ia.rFer 
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$’IGURE 4El.-The  vertical distribution of the hemispheric  mean of 
eddy  kinetic  energy  is  shown as a  function of altitude.  The 
area mean of eddy  kinetic  energy  obtained  by Wiin-Nielsen [431, 
Teweles [41], and  Saltzman [35] for the  actual  atmosphere  are  also 
plotted  for  the  sake of comparison. The  latitudinal  ranges of the 
area  means  for  these  studies  [43,41,  and 351 are 16.75’-88.75” N., 
15°-800 N., and 15O-80” N., respectively. 
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FIQURE 4EfL.-Latitud~~height  distribution of eddy  kinetic  energy 

obtained  by the model. 
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FIGURE 4E3.-The latitudinal  distribution of eddy  kinetic  energy 
at the  5Wmb. level. The  annual mean  value  obtained  by  Salt&- 

[35] for 1951  is  also  plotted  for  comparison. 

DAYS 
FIGURE 4E4.-1n the  top of the figure the  time  variations of total 

kinetic  energy, of zonal  kinetic  energy,  and of eddy  kinetic  energy 
for the period of 231-300 days  are  shown  by  short  dashed, 
dashed,  and  solid lines, respectively.  (Units:  joule/cm.*) In  
the center, the  time  variation of latitudinal  distributions of both 
zonal and  eddy  kinetic  energy  are  shown  (units:  joule/cm.z). 
A t  the  bottom,  the  time  variation of the vertical  distribution of 
eddy  kinetic  energy is shown. The  units  are  joule cm.-* 
mb.” (Hemispheric  mean). 

than  that of our model probably because of the irregu- 
larity and  the  eccentricity of the circumpolar vortex 
caused by  the  kinematic  and  thermal  asymmetries of the 
lower boundary, i.e., land  and sea. 

The  upper part of figure 4E4 shows the  time  variation 
of the  total  kinetic  energy,  the zonal kinetic energy, and 
the eddy  kinetic energy. As expected, during the 70-day 
period  chosen for our extensive analysis,  the  variation of 
zonal kinetic energy is mainly out of phase with that of 



December 1965 J. Snagorinsky, S. Manabe, and J. L. Holloway, Jr. 743 
TOTAL AVAILABLE POTENTIAL ENERGY 

TOTAL 

.! .b l!O 112  l!4  1!6  L’S 

JWLESICM~,MB 

ZONAL AVAILABLE POTENTIAL ENERGY 

. ~ C t  

.m- 

L@?O .: .! .: . d  l!O 1!2 114  1!6 118 

y 
JOULE SIC^, MB 

EDDY AVAILABLE POTENTIAL ENERGY 

. loo 

.#x) 

.m- 

- 

.6uJ 

.m- 

.m 

.m- I 

- 
I 

EDDY 

m P2 D4 96 ps .lo -12 .I4 

JWLESICM~, MB 

FIGURE  4Fl.-The vertical  distribution of total, zonal, and  eddy  available potential energy are shown in the  left, center, and right side  of 
this figure, respectively. The  corresponding  distributions  obtained  by  Wiin-Nielsen [43] for  April  1963  and the whole  pear of 1962 
are also  shown. 

eddy kinetic energy.  Since the variation of eddy kinetic 
energy is much larger than  that of the zonal kinetic energy, 
the time variation of the eddy kinetic energy and  that of 
the  total kinetic energy are very similar.  Although the 
magnitude of the kinetic enerm varies with a period of 
approximately two  weeks ns Smagorinsky [37] pointed out 
in his earlier  work, it is not possible to find a distinct 
period. In  the center of the figure, the time variation of 
the lat,itudinal distribution of zonal and  eddy  kinetic 
energy are shown. The  latitude of maximum  energy 
changes  wit,h  time. The range of fluctuation, which is 
several degrees of latitude, is somewhat,  smaller than the 
range observed in the actual atmosphere. 

In the lower part of this figure, the time variation of 
the vertical distribution of eddy kinetic energy is shown. 
This result shows that, t’he  level of maximum eddy kinetic 
energy hardly changes with time during this portion of 
the numerical simulation. 

F. DISTRIBUTION OF AVAILABLE  POTENTIAL  ENERGY 

According to Lorenz [15], simplified  versions of the 
total,  the zonal, and  the eddy available potential energy 
may be defined as the mass integral of AT, A,, and A, 
defined as follows: 

where ( )” denotes the deviation of the temperature on 
an isobaric surface from its hemispherical mean, and 

792617 0-65- 3 

where 6 is the  potential  temperature of ths air and Poo 
denotes the base  pressure,  1000  mb., and ( ) a n d n  de- 
note the hemispheric mean and zonal mean respectively. 

In figure 4F1, the vertical distributions of total, zonal, 
and  eddy available potential energy obtained  from our 
computation are shown together with those  computed 
from actual  data  by Wiii-Nielsen [43]. In general, the 
zonal available potential energy obtained  from  our  model 
is much larger than  that of the  actual atmosphere  (annual 
mean value). This large available pot,ential  energy is 
consistent with the very large latitudinal  temperature 
gradient of t,he upper troposphere  which appeared in our 
calculation  (see  section  4A). On the other  hand, the 
eddy available potential energy of our model atmosphere 
is significantly  smaller than that of the  actual atmosphere 
(annual mean value). This discrepancy may result partly 
from the lack of mountains and of land  and sea contrast. 
In otjher  words, the asymmetries of the lower boundary 
create the eccentricity in the  latitudinal  gradient of tem- 
perature  and  alter the partitioning of the available po- 
tential energy  in favor of the eddy potential energy. 
Furthermore, the magnitude of the energy components is 
sensitive to  the horizontal resolution of the model and 
the magnitude of the subgrid-scale  mixing  coefficient. 
One must also  expect, that  the eddy  amplitudes d l  de- 
pend on whether or not  heat  may  be transferred  in latent 
as well as sensible  form. 

The level of maximum  zonal available potential energy 
lies at about  the 350-mb.  level,  which issomewhat higher 
than  in  the real atmosphere (400  mb.).  Again, this is 

-Ii 
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consistent  with the model error  in the  latitudinal  temper- 
ature gradient. The maximum eddy  available  potential 
energy lies at approximately 400 mb.,  which is reasonably 
close to  the pressure of the observed maximum. 

5. HEAT  BALANCE 
The  study of heat  balance of the atmosphere has been 

performed by  many  authors (e.g. Houghton [7], London 
[14], Ohring [23], Manabe  and Moller [16], and  Davis [SI). 
In this  section,  detailed  investigation of the  heat  balance 
of the model atmosphere is made  and compared with that 
of the  actual  atmosphere. Based upon this comparison, 
the causes of the coincidences or discrepancies of the 
various features of the thermal  structure of the model 
atmosphere  with the observed features  are discussed. 

A. HEMISPHERIC  MEAN OF HEAT  BALANCE COMPONENTS 

The hemispheric means of various  heat  balance compo- 
nents at  the top  and  bottom of the model atmosphere  are 
compared in  table 5A with  those  obtained by London [14] 
for the  actual atmosphere. The coincidence  between 
them  is encouraging and  is  the natural consequence of 
the successful simulation of the  temperature field as a 
whole. Note that all the net  radiation received by  the 
earth's  surface is transferred to  the  atmosphere  in the 
form of sensible heat because of the lack of evaporation. 

TABLE 5A.-Hemispheric  mean of heat  balance components (unita 
are ly./min.) 

- 
Model Actual 

atmosphere atmosphere 

Net solar radintion ._________ 

-. 237 -. 232 Net solar radiation _ _ _ _ _ _ _ _ _ _  
.324 .329 Net long-wave  radiation-.". 

"0.324 "0.328 

Earth's surface.. _ _ _ _ _ _ _ _ _ _  Net long-wave  radiation _ _ _ _ _  . OB1 .ow) 

Turbulent  energy flux _ _ _ _ _ _ _  .147 ,154 

Top of the atmosphere------ 

B. LATITUDINAL  DISTRIBUTION OF HEAT  BALANCE 
COMPONENTS 

The  latitudinal  distribution of net upward radiative 
fluxes at  the top of the  atmosphere  and  those of net upward 
radiative fluxes and  turbulent energy fluxes at  the  earth's 
surface  are shown  in  figure 5B1. For the  sake of compari- 
son, the corresponding quantities  obtained  by London [14] 
for the actual  atmosphere  are  plotted  in the same figure. 
The general agreement between the  net fluxes of our model 
and those of the  actual  atmosphere is very good. In figure 
5B2, the  northward flux of energy expected from the 
radiative  imbalance of the  earth-atmosphere  system  is 
shown together  with  the  northward fluxes obtained  by 
Houghton [7] and  London. According to this figure, the 
tot,al  northward  transport of energy of our model turned 
out  to be somewhat smaller than  the  annual mean flux 
obtained  by  either  Houghton [7] or London [14] mainly 
because of the  slight difference in  the  latitudinal  gradient 
of net outgoing radiation. As  we described in section 4A, 

.5 
[ I I S R ) y  

.2  .'i 

FIGURE 5Bl.--The  upper half of the figure  shows  curves  of the 
latitudinal  distribution of net upward long-mve radiation 
(NLR)T and  that of net downward  solar  radiation (NSR)T at  
the  top of the atmosphere.  The  lower  half of t,he  figure  shows 
the latitudinal  distribution of the  net upward  long-wave radia- 
tion (NLR)ER, of net upward  solar  radiation (NSR)ER, and of 
the upward  turbulent  flow of heat (SHFX)ER  at  the earth's 
surface. The corresponding  quantities  obtained  by  London [14] 
are  plotted  in the  same figure as stars, dots,  and  triangles  for 
comparison. 

the  latitudinal  gradient of temperature  obtained from our 
model is significantly larger  than the  annual mean gradient 
of the  actual  atmosphere  and  this is responsible for the 
present discrepancy. 
In the lower part of figure 5B2, the northward  eddy 

flux of heat  obtained from our model is shown together 
with  those  obtained by  Starr  and White [39] for the 
annual mean and Peixoto [26] for  winter. According to 
this comparison, the computed  eddy flux is significantly 
larger than observed. This  result does not necessarily 
contradict the results shown in the upper part of this 
figure. Since the  effect of the northward  transport of 
latent energy is not  incorporated in this model, it may  be 
reasonable to  have a  large  eddy flux of sensible heat 
despite the relatively  small energy flux required  from 
radiative imbalance. This will be discussed further in 
a companion paper 1181 on general  circulation  simulations 
with  a simple hydrologic cycle. 

The  latitudinal  distributions of various  heat  balance 
components  in the atmosphere are  plotted  in  figure 5B3. 
In general, the heating effect of convection from the 
earth's  surface is mostly compensated for by the cooling 
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effect of radiation. The remaining  imbalance is taken 
A L l B a  
A flI)Eml 

A 
A up  by  the effect of large-scale motions. In  the Tropics, 

1.0 the cooling resulting  from the meridional  circulation  plays 

4 
L * .. 

a s 
X 

” 

A A 
A an  important  role;  in  the middle latitudes  the effect of the 

compensate each other;  and in higher latitudes the 
heating produced by  the convergence of eddy flux of 

.I 

- A ,.‘ ‘‘ .6 

- A F““ meridional  circulation  and that of the eddies  more or less 

.4 - / “\ \ A  of the large-scale motion is cooling at low latitudes  and 
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‘\ A 
A 0° sensible heat  predominates. Accordingly, the  net effect 
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A 0  
\ heating at  high  latitudes.  Note that  the temperature 

\\ eddies involves the effect of adiabatic  heating as well 

90- jr & jb. 1$. io- The subgrid-scale transport of sensible heat  plays a minor 

.2 - A/’ \\\ \A change caused by the meridional  circulation and  by  the 
/ \ 

0 as  that of the convergence of sensible heat  transport. 

UllWE role in the  heat budget. 

I 

C. VERTICAL  DISTRIBUTION OF HEAT  BALANCE  COMPONENTS 

I n   & n e  5C1 are shown the calculated  vertical distri- 
butions of the hemispheric mean values of various heat 
balance  components. According to this figure, the 
stratosphere  as  a whole is in almost  complete  radiative 
equilibrium while in the troposphere the hemispheric 
mean temperature is maintained as  the balance  among 
convective  heat,ing,  radiative cooling, and  the s0mewha.t 
smaller effect of larze-scale motions. In figure 5C2, the 

FIQURE 5B2.-1n the upper part of the figure, the northward flux of 
the  total  energy expect.ed from radiative  imbalance is shown  by  a 
dashed  line. Also, the flux obtained  by  Houghton [7] and  that 
computed  from the results of London [14] for the  actual  at- 
mosphere  are  plotted.  In  the lower part of the figure, the 
northward flux of heat  due to large-scale eddies and  that  due to 
subgrid-scale  diffusion are shown  by solid and  dotted lines, 
respectively. The  northward flux of heat  due  to large-scale 
eddies  in the  actual  atmosphere  for wint,er (Peixoto [26]) and 
the  annual mean (Stan  and White [39]) are  also plott.ed. 

e 
5 . 4 c  
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F I ~ W R E  5B3.-The latitudinal  distribution of temperature  change 
due to convection,  radiation,  meridional  circulation (M.C.), 
Iarge-ecale eddies (EDDY), and  horizontal  subgrid-scale  mixing 
(N.D.) are shown. 

I 

vertical  distributions of heat flux resulting  from. the 
meridional circulation  and large-scale eddies are shown 
together wit.h the  temperature  change  caused  by  adiabatic 
expansion and divergence of heat flux. As one  might 
expect from the theory of baroclinic  instability,  t,he 
large-scale eddies transport  heat  upward except,  in the 
stratosphere a,nd tend to stabilize the  static  stsability 
of the  troposphere  and  counteract the  net effect of radi- 
ation  and convection. The hemispheric mean  tempera- 
ture change caused by  the  meridional  circulation is 
relatively small. 

RATE Of TEMRRATUkf CHANGE e WYI - 
FIGURE 5CL”The  simulated  vertical  distribution of the hemi- 

spheric  mean of the  temperature  change  due to radiation, 
convection,  and large-scale motion  (advection and  adiabatic 
heating) are shown. 
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FIGUIW 5C2.-0n the left side of the figure  are shown the vertical 
distributions of the rate of net temperature  change (on the con- 
stant &-surfaces) due to adiabatic expansion and  divergence of 
heat flux by  the meridional  circulation (M.C.) and by large-scale 
eddies (EDDY). On the right side, the vertical distributions 
of heat flux on constant &-surfaces  due to meridional circulation 
(M.C.), large-scale  eddies (EDDY), and to  both (NET FLUX) 
are shown. Units: joules cm.-e day," right side. Upward  flux 
is  positive. 

D. LATITUDE-HEIGHT  DISTRIBUTION OF HEAT  BALANCE 
COMPONENTS 

Figure 5Dl shows the latitude-height  distribution of 
net  temperature change caused by radiation. Com- 
paring this result  with  the corresponding distribution 
obtained by London [14] for the  actual atmosphere,  one 
can find many common features, i.e., the  rapid decrease 
with  increasing  altitude of radiative cooling of the upper 
troposphere, the relatively  large cooling  in the tropical 
troposphere,  and the  strong cooling  in the low  cloud layer. 
This strong cooling due to  the existence of low  cloud is 
somewhat exaggerated in our calculation since we  assumed 
the low clouds to be  too  thin. In  the stratosphere weak 
heating occurs at low latitudes  and cooling at  higher 
latitudes. Similar features  appeared in the  heat balance 
computations performed by Ohring [23], Manabe  and 
M6ller [l6], Davis [6], and  Kennedy [9] for the  actual 
atmosphere. The  rate of cooling  in high latitudes for 
the computed  stratosphere  is much smaller than that 
obtained in any of these  studies. The failure to get a 
sufficiently warm  stratosphere in higher latitudes (see 
section 4A) is  the major reason for this  discrepancy. (The 
cooling rate obtained by Ohring [23] and  Davis [ S ]  in the 
higher latitude  stratosphere is somewhat  larger  than that 
obtained by Manabe  and Moller [16] or by Kennedy 191 
mainly because of their  assumption of a humid strato- 
sphere  in higher latitudes.) 

In  the middle  and lower parts of figure 5D1  are shown 
the latitude-height  distribution of the  rate of temperature 
change  due to solar  radiation  and that due  to long-wave 
radiation. In  the  top stratospheric level, heating  resulting 
from the absorption of solar  ultraviolet  radiation by ozone 
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' FIGURE BDl.-Upper, middle, and lower parts of the f i e m  give 
the latitudeheight distributions of calculated  temperature  change 
(OC./day) due to the  net rate of radiation, the Rolar radiation 
only, and long-wave radiation only. 

is compensated for by  the cooling caused by the long-wave 
radiation of carbon dioxide and  water  vapor. Around 
the level of the tropopause,  both the effect of solar  radra- 
tion and that of  long-wave radiation are small,  and  they 
are in rather delicate balance. In  the troposphere, the 
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FIQURE 5D2.-The latitude-height distribution of calculated net 
temperature  change (OC./day) due to conduction from the earth's 
surface  and to the moist adiabatic adjustment. 
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FIQURE 5D3.-The upper part of t,he figure shows t.he latitude- 
height  distribution of tshe  calculat.ed  poleward eddy transport of 
heat  on  isobaric  surfaces.  In the lower part of the figure  t,he 
northward heat transport  obtained by Starr and  White 1391 for 
the gear 1950 is shown. Unit's are 10x7 joule  mb."  day." 

cooling due to  the long-wave radiation of water vtrpor 
outweighs the heating  due to t,he solar  radiat,ion  absorption 
by  water vapor. The  net  radiative cooling in t,he t.ropo- 
sphere  is compensated for by convective heat,ing  originat- 
ing from the earth's  surface. Refer to  the paper bv 

Manabe  and  Strickler [17] for the details of the  vertical 
distribution of the contributions of various gases. 

The latitude-height  distribution of the  rate of temper- 
ature change  due to conduction at  the earth's  surface and 
moist  convective  adjustment is shown in figure 5D2. As 
one would expect, the thickness of the moist  convective 
layer  is deeper in the Tropics than in high latitudes. The 
depth of this  layer is about 12 km. in the Tropics and 
monotonically decreases with  increasing latitude.  In  our 
model, the moist convective  adjustment is very  active  in 
subtropics  where the observed rainfall is at a minimum. 
This  unreasonable  result is the direct consequence of the 
adjustment process which disregards the effect of relative 
humidity on the moist convective process. We will be 
able to discuss this  matter in  more  detail  in the following 
companion paper [l8] on the general  circulation  model 
with a hydrologic cycle. 

So far we have examined the latitude-height  distribution 
of temperature  change  due  to  radiation  and  convective 
adjustment.  Another  important  factor is the effect of 
large-scale eddies. Figure 5D3 shows the  latitude-height 
distribution of the northward  transport of heat  both in our 
model and  in the  actual atmosphere. In  the real  atmos- 
phere, the area of the maximum transport of heat  appears 
in the lower and  upper part of the mid-latitude  tropo- 
sphere, whereas our model has  a  maximum  in the lower 
troposphere but fails to have  another  maximum in the 
upper  t,roposphere. In  the tropical  troposphere of our 
model atmosphere,  extremely weak southward transport 
appears.  Recently Starr and Wallace 1401 pointed out  the 
esistence of a. counter-gradient flux of heat in the t.ropica1 
troposphere. Since the magnitude of the negative flux 
obtained  from our computation is very  small,  t,his coinci- 
dence  with  observation  mag  not  be  significant. 

The latitude-height  distribut<ion of the calculat,ed  verti- 
cal heat flux is shown in figure 5D4 toget,her  with that of 
the  actual  atmosphere  obtained by Jensen [SI for April. 
According to  this figure, the upward flux of heat predomi- 
nates  in  the troposphere except in the Tropics  where 8 very 
weak downward flu.. of heat  appears. In  t<he  stratosphere 
of our model atmosphere, the area of downward eddy heat 
transport occupies most of the area. Siar features  are 
noticeable in the results of Jensen [8]. 

The  net  effect of these  eddy fluxes of heat  (including the 
effect of adiabatic  heating or cooling caused by eddies) 
upon t,he rate of temperature  change is shown in  figure 
5D5. In middle latitudes large-scale eddies make a signifi- 
cant contribution t,oward stabilizing  t,he  atmosphere. Ac- 
cording to our results, the height of maximum stgabfiation 
decreases with increasing 1at.itude. In higher  1at.itudes it 
is very close to  the earth's  surface  and  contribut,es signifi- 
cantly  to t,he maint.enance of the inversion  in the lower 
t)roposphere of high latit,udes.  Despite  this  st,abiiizing 
effect, the calculated  area of stable  layer  in  high  latitudes 
is much smaller t,han the observed area. The existenc,e of 
a relatively warm sea  surface  around the polar  cap may be 
partly responsible for t,he  maintenance of the  strong inver- 
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FIGURE 5D4.-The upper  part of the figure gives the  latitude- 
height  distribution of the calculated  vertical  eddy flux of heat 
on  isobaric  surfaces. The lower part gives that  obtained  by 
Jensen [SI for the  actual  atmospheric  transient  eddy  component 
for April.  Units  are  joule cm.-*  day.-* 

sion in  the  actual winter  atmosphere. Further  study on 
this  subject is desirable. 

Next we shall examine the  heat balance of the  strato- 
sphere. Figure 5D6 shows the  latitudinal  distribution of 
the  rates of temperature change due to various heat 
balance components a t  model level 2 (P/P*=0.074) in 
the stratosphere. According to this figure, the  direct 
meridional circulation in lower latitudes  contributes to 
the  latitudinal increase of temperature there. The large- 
scale eddies transport  heat  northward  (counter-gradient 
in lower latitudes)  and help maintain  the high tempera- 
tures  in higher latitudes.  The  net effect of the large-scale 
eddies is cooling in  the subtropics  and  heating  in high 
latitudes. The magnitude of this effect,  however, is far 
from sufficient to produce the observed temperature 
reversal in the  stratosphere because of the counteracting 
effect of the polar cell, The  temperature of this level 
increases about 14" C. from  the  equator  to middle lati- 
tudes, but decreases with increasing latitude  in  the higher 
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FIGURE 5D5.-The latitude-height  di&ributions of the  rate of tem- 
perature  change  ("C./day)  due to  large-scale eddies  and  subgrid- 
scale  mixing are  shown  in  the  upper  and lower parts of the figure, 
respectively. 

temperature from equator  to pole is only 5 O  C., which is 
much smaller than  the observed annual  mean  increase 
of 20" C. For comparison, the  annual  mean  rate of 
radiative  temperature change obtained for the observed 
distribution of temperature is shown by  the triangle 
symbols in figure 5D6. The cooling rate  in  the higher 
latitudes  is much larger  for the  actual  atmosphere  than 
for the model atmosphere because of the higher observed 
temperatures  in high latitudes. In summary,  there  is 
some  tendency  toward a latitudinal increase of temper- 
ature  in  the model's stratosphere, but  further refinement 
of the model is needed to  simulate  the  full  magnitude of 
this  property. 

6. ANGULAR  MOMENTUM  BALANCE 
A. LATITUDINAL  DISTRIBUTION OF ANGULAR MOMENTUM 

BUDGET 
The distributions of northward  transport of angular 
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FIQURE 5D6.-1n the upper part of the figure, the  latitudinal 
distributions of the  rate of temperature  change  due to various 
heat  balance  components at the second  model level (k=2, 
P/P*=0.074) are  shown.  The  triangles  show  the  annual  mean 
rate of radiative  temperature  change a t  this  level  computed  for 
the  observed  temperature  distribution.  In  the lower part of the 
figure, the  net  temperature  change  due  to  large-scale  eddies  and 
t,he  meridional  circulation ie shown. 

circulation,  and subgrid-scale mixing are shown in figure 
6A1 together  with the eddy  transport of the  actual 
atmosphere  obtained by Starr and White [39] and Buch 141. 
According to this figure, the calculated latitude of maxi- 
mum eddy  transport  is  about 30° N. and coincides with 
that of the  actual  atmosphere.  The  magnitude of the 
maximum eddy flux, however, is somewhat larger  than 
that of the  actual  atmosphere. The contribution of 
subgrid-scale mixing turned out to be about % of that of 
the large-scale eddies. Figure 6A2 is  presented  to show 
how the angular  momentum  balance  is  maintained at  
each latitude  by  the above mechanisms.  According to 
this figure, the positive  angular  momentum, which is 
supplied from the earth's  surface in tropical  latitudes  and 
in  very high latitudes,  is  transported  into middle latitudes 
mainly by  the large-scale eddies, and the accumulated 
momentum  is  returned to the earth's  surface  there. In 
middle latitudes,  the westerly momentum is supplied by 
the convergence of absolute  angular  momentum  by the 
large-scale eddies, and  in the subtropics it is supplied by 
the meridional circulation. 

B. LATITUDE-HEIGHT  DSTRIBUTION OF ANGULAR 
MOMENTUM  BUDGn 

In  figure 6B1 the latitude-height  distribution of the 
northward  eddy  transport of angular  momentum  obtained 
from our model is compared with the observed transport 
obtained by Buch [4] Oort [24]. Acc.ording to  this figure, 
the height and  latitude of the maximum northward  eddy 
transport coincide very well with those of the actual at- 
mosphere. The negative  eddy  transport  in high latitudes, 

UrmDE 

FIGURE 6Al.-The latitudinal dist.ribution of northward trans- 
port of angular  momentum  due to various  components. The 
transports  due to meridional  circulation, large-scale eddies, 
horizontal  subgrid-scale  mixing are shown  by  dotted, solid, and 
dashed lines, respectively.  The  annual mean  values of momen- 
tum flux obtained  by Starr and White [39] and those  obtained  by 
Buch [4] are  plotted  by  stars  and  squares,  respectively. 

unm 

FIGURE 6A2.--The rates of the change of angular  momentum  due 
to meridional  circulation, large-scale eddies,  subgrid-scale  dif- 
fusion, and surface  torque  are  shown as functions of latitude. 
In  the lower part of this  figure the  distribution of computed 
surface  torque (solid line) is cont,rasted  with the  estimate of 
surface  torque  by  Priestley 1311 for the  actual  atmosphere  (coded 
circles). The  Priestley  data  are  means  for  two  hemispheres 
averaged  by seasons. 
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FIGURE GB1.-The upper part of the figure  shows the calculated 
latitude-height  distribution of northward  transport of angular 
momentum  due to large-scale  eddies. The lower part shows the 
corresponding  distribution  obtained  by  Buch [4] and Oort [24] 
for the  actual  atmosphere. 
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FIGURE 6B3.-The latitude-height  distribution of the rate of 
change of relative  angular  momentum  due to the large-scale 
eddies, the meridional  circulation,  horizontal  and  vertical subgid- 
scale  mixing are shown in  the  upper, middle, and lower parts of the 
figure, respectively. Units  are 101* gm. cm.2 aec.--l. mb." day- 1. 

FIGURE GB2.-htitude-height  diatribution of vertical  transport 
of angular  momentum  by  the  largegcale eddies. Unit  is 1018 
gm. fIec-1 day.+ 
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BUDGET OF ABSOLUTE ANGULAR MOMENTUM 
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FIGURE GB4.-Schematic  representation of the flow of absolute 
angular momentum in the model  atmosphere. 

which is obtained in  our model,  does not appear clearly in 
these data for actual atmosphere. However, the results 
obtained by Obasi [22] for the Southern Hemisphere show 
significant negative transport a t  about 62O S. 

The latitude-height  distribution of vertical flux of 
angular  momentum by large-scale  eddies is shown  in 
figure  6B2. It is interesting to note t,hat the angular 
momentum is transported upward in middle latitudes 
where the  jet stream predominates. In  other words, 
it is transported against the gradient of momentum below 
the  jet  stream. Since this flux  decreases with increasing 
altitude at  the level of the  jet stream, it supplies the 
momentum to  the zonal current. The relative  magnitude 
of this contribution is about, 30 percent of that of the 
horizontal eddy transport. 

In figure 6B3 the latitude-height distributions of the 
rate of the change of relative angular momentum due 
to  the large-scale  eddies, the meridional circulation, the 
horizontal subgrid-scale  mixing, and  the vert-ical  mixing 
are shown.  According to this figure, the absolute angular 
momentum created by surface torque in the tropical region 
is transported upward by  the direct tropical cell and 
supplies the relative angular momentum  in the upper 
troposphere near the equator.  This  relative angular 
momentum  then is transported  northward by the large- 
scale  eddies. (Note  that  the  eddy  transport of angular 
momentum is a t  a maximum in the upper troposphere.) 
This  eddy  northward  flus of relative  angular  momentum 
converges in middle latitudes, counterbalances the sink 
of relative  angular momentum resulting from the indirect 
meridional circulation in middle latitudes, and thereby 
helps maintain the jet, stream. Figure 6B4  gives a 
schematic representation of the flow of absolute angular 
momentum described  here. 

Finally, we should comment on the dependence  of our 
results upon the vertical mixing  coefficient adopted  for our 
computation. As  figure 6B3 shows, the change of angular 
momentum attributed  to vertical mixing is very large in 
the  planetary boundary layer  and is compensated for 
mainly by  the change of relative angular momentum due  to 
the meridional circulation. This is why the very narrow 

T82J17 "A 

belt of the meridional component of the wind sticks to  the 
earth's surface as figure 4B3 shows. In  other words, the 
degree of eccentricity of the meridional circulation of the 
atmosphere is mainly dominated by the thickness of the 
boundary  layer or by  the specified distribution of the 
vertical mixing  coefficient near the earth's surface. 

7. BUDGET OF KINETIC  ENERGY AND AVAILABLE 
POTENTIAL  ENERGY 

The release of available potential energy in the tropo- 
sphere has been the subject of many studies [42],  [43], 
[ll], [35]. According to Jensen [8] the maximum re- 
lease takes place a t  about  the 500-mb.  level. It is very 
important  to know  how the energy,  which is converted 
from potential energy, is distributed in  the atmosphere. 
In connection with this problem, the mechanism for main- 
taining the kinetic enerm in the stratosphere  has received 
a great deal of attention recently. (See,  for example, 
Barnes [2], Oort [24],  Reed et al. [32], Miyakoda 2211.) 
According to these authors, the release of eddy potential 
energy  is negative  and the kinetic energy of the  strato- 
spheric motion is maintained against, dissipation by action 
from the troposphere. In  this section we shall  analyze the 
budget of svailable  potential energy and that of kinetic 
energy in the model atmosphere in  detail and compare 
them with those in the actual  atmosphere whenever it is 
possible. It is  hoped that  the present analysis is useful 
for  forming a coherent picture of the energy balance of 
the at<mosphere. 

A. ENERGY  BALANCE  FOR  THE  WHOLE  ATMOSPHERE 

Before  becoming  immersed in a detailed study of the 
energetics of the atmosphere, we constructed an energy 
diagram similar to the four-box diagram  constructed by 
Phillips [27] and Smagorinsky [37]. Figure 7A1 shorn 
the comparison  among the energy diagram for our result: 
that obt>ained by Smagorinsky and Phillips, and that 
compiled by Oort for the  actual atmosphere. According 
to this comparison there is  general qualhative agreement 
beheen  the energy flow of the model atmosphere and 
that of the actual atmosphere. There  are, however, the 
following quantitative discrepancies. 

(1) The generation of available potential energy, and 
therefore the conversion of potential energy into kinet,ic 
energy, in the model atmosphere is significantly larger 
than that obtained by  Oort [25] for the ac8tual atmosphere. 
This discrepancy results from the absence of poleward 
transport of latent heat, of condensRtion, and of t,he ocean 
heat transport. All these act to decrease the  latitudinal 
temperature  gradient. Although the model of Phillips 
does not incorporate these effects, his heating function is 
deliberately modified to partially t.ake these effects into 

linearized and is deAned by equation (4F1). Thts linearization is probably  responsible 
a The available potential energy adopted far the wustructlm of this energy di- is 

for the relatively poor balance between the net generation  and the conversion ofthe  wail- 
able potential energy hecause the non-linearized version, which is defined by equntion 
(AIW, mainttdns a wry  rood balance 85 table 3.2 shows. 
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FIQURE 7Al.-In the upper and middle parts 
of the figure the energy  diagram of the model 
and  that compiled  by 001% 1251 for  the  actual 
atmosphere  are shown. In  the lower part 
the energy  diagram  obtained  by  Smagorin- 
sky [37] is compared  with that  obtained  by 
Phillips [27] (in parentheses  in  black boxes). 
@ and @ E are  hemispheric  means of zonal 
and  eddy  available  potential  energy, g z  
and E are  hemispheric  means of zonal  and 
eddy  kinetic  energy, Q: denotes the change 
of available  potential  energy  by  radiation 
and  convection, Hdenotea  the destruction 
of available  potential  energy by horizontal 
subgrid-scale mixing, and F, IIF,  and VF 
indicate  the  total  dissipation,  dissipation 
by  horizontal mixing, and  that  by vertical 
mixing  respectively. The  unit of energy 
transformation is 104 joule cm." mb." 
day-'  and that of energy itself is joule/cm.* 
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account. Accordingly, the  magnitude of the generation 
of available  potential energy of his model is somewhat 
smaller than in  our model atmosphere. 

(2) The ratios X E / X z  and @,/@, are  computed to be 
much smaller than  the observed values, although  they 
are  somewhat  larger  in  our  results  than in the earlier two- 
level calculations (Smagorinsky [37]). One of the  reasons 
for this discrepancy may be the absence of surface asym- 
metries as  discussed earlier. 

(3) The transfer of eddy  kinetic  energy  into zonal 
kinetic energy in our model atmosphere  is  larger  than 
that estimated by Oort 1251 for the  actual  atmosphere, 
though it is somewhat smaller than  the energy  transfer 
obtained by either  Phillips or Smagorinsky. This  result 
is consistent  with the very  strong  jet  stream which we 
obtained  in  our  computation. (See section 4B.) 

B. TOTAL KINETIC ENERGY BUDGET 

For the sake of simplicity of interpretation of results, 
a pressure coordinate  system  is used instead of a a-coor- 
dinate  system.  The  equation for the  rate of change of 
kinetic energy in  the pressure coordinate syst.em is 

where V is earth velocity, F is  frictional force, and 
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Using the  continuity  equation, we obtain 

-V.v+=-~a-(v.(Ym)+~ b (dl) (7B3) 

The equation for the  rate of change of hemispheric mean 
of K is 

317" --a --a a -a - 
bt bP 

~ =" ( W K )  "war " (*) + v . P  (7B4) aP 

where nE denotes the hemispheric mean; Q is the specific 
volume of air, CP is  geopotential  height on an isobaric 
surface. 

In equation (7B1) we shall refer to -V.V+ and V . F  
as the source term  and the sink term of kinetic energy 
respectively. In equation (7B4) the  term -Tp(*) a -H 
and the term -- (uK) may be called the pressure inter- 

action  term  and the  transport  term of total  kinetic  energy, 
respectively,  and the term -w(TH will be referred to as the 
conversion term of potential energy. Figure 7B1 displays 
the  vertical  distribution of the contribution of these terms 
to the  rate of change of total  kinetic  energy. According 
tro this figure the level of the maximum release of potential 
energy occurs a t  about 500 mb. As figure 7B2 shows the 
energy thus  converted is transferred upward to the level 
of the  jet  stream and downward to the level of the surface 

b --a 
a p  

- 
I 

I 
t - 

- [BUDGET OF TOTAL KINETIC ENERGY] 
\ 8 

I 

- 

- 
"" 

I """" 

9' 
-" 

rc I I I I 1 " -,- "3 

- 1 5  .10 .05 .oo .05 .10 .15 

lJOULE/CMZ. ME, DAY.) 

FIQURE 7B1.-Verticsl distributions of the rate of change of kinetic energy on each isobaric surface due to various mechanisms. 
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FIGURE 7B2.-Vertical  distribution of -V.V+ , -d , and --(w on an isobaric surface. -H H -H 

boundary  layer  by  the mechanism corresponding to the 
pressure  interaction  term -wQ. As a  result of these 
energy  transfers, the source term of kinetic energy 
“v .  v4 is a maximum a t  these two levels. According 
to figure 7Bl these sources of kinetic energy are almost 
exactly compensated for by  the sink of kinetic energy 
V. f, i.e., by dissipation. The effect of vertical trans- 
port of kinetic energy is negligibly small. Recently, 
Rung I121 computed the vertical  distribution of the source 
term of kinetic energy over the  North American Continent 
from observed  wind data. It is encouraging that his re- 
sults have  a clear double maximum in the source term a t  
the level of the  jet  stream and in  the boundary  layer as we 
predicted. According to  Brunt [3] the dissipation of 
kinetic energy in  the free atmosphere is approximately 
equal to  that in the  boundary  layer. In  the model 

“a 

- 

atmosphere, the  ratio of the dissipation above the 811- 
mb. level to  that below the 811-mb. level is 1.60 to 1.00. 

The equation  for the change of the vertically  integrated 
kinetic energy is 

where v is the meridional component of the  earth wind 

velocity and ( ) and ( ) denote the mean operation with 
respect to pressure and longitude, respectively. In  the 

-P -A 
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FIGURE 7B3.-1n the upper  part of the figure the distribution of 
the source  t.erm  and  sink  term (dissipation) of total kinet.ic 
energy  are  shown as functions of latitude. In the lower  part of 
the figure, the latitudinal distributions of  northward dux of total 
kinetic energy  due to the meridional  circulation (M.C.), due to 
the large-scale  eddies (EDDY), and due to both effects (TOTAL) 
are  shown. 

upper and lower parts of figure 7B3 the latitudinal dis- 
tribution of the source and the sink of kinetic energy are 
shown respec,tirelp. According  t,o this figure, the latit,ude 
of maximum  dissipation is about 45' N., and the  latitudes 
of the primary  and secondary maxima of the source term 
are about 32' X. and 62' h'. As one may expect, the  lati- 
tudinal  distribution of the northward transport of kinetic 
energy, shown  in  figure  7B3, is very similar to  that, of the 
angular momentum shown  in  figure  6A1.  Accordingly, 
the kinetic energy  is transferred from the source  region 
in the subtropics (or from high lat,itudes) int,o the sink 
region  in middle Mtudes. This  transport compensat,es 
for  the imbalance between the source and sinks of kinetic 
energy. Saltzman,  Gottuso, and Fleisher 1341 computed 
the latitudinal  distribution of t-he nort,hward transport of 
kinetic energy by  the large-scale  eddies at  the 500-mb. 
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FIGURE 7B4.-The latitudeheight distribut,ion of the source term 
of kinetic energy is shown in the upper  part of the figure. That 
of the sink  term  (dissipation) is shown in t.he  lower  part of the 
figure. Unit: 104 joule mb." day". 

level of the  actual atmosphere. Their  latitude of maximum 
poleward transport is approximately 40' X. and coincides 
wit,h that of the model atmosphere. However, the weak 
southward t:ransport,  which appears in the model atmos- 
phere around the latitudes of 50' to 70°, is missing in 
their distribution. The magnitade of maximum pole- 
ward transport is about 6X1Ol5  joules  day" mb." 
(annual mean) and coincides reasona-bly well with that of 
the model atmosphere a t  500 mb. in which it is approxi- 
mately 8X 1015 joules  day"  mb.-l  (See  fig.  7B5.) 

The latitude-height distribution of the sink of kinetic 
energy (V F) which is shown in t,he lower  half of figure 
7B4 is r e v  similar to  that of the eddy kinetic  energy 
shown by figure 4E2 except in the  area near the  earth's 
surface, where t,he dissipat,ion in the  boundary  layer 
predominat,es. It is int.eresting t,hat  the sourm term 
has a negative value in  t.he upper  troposphere of the 
middle lat,iitudes. The kinetic energy is transported int,o 
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FIQURE 7B5.-The latitude-height distribution of the northward 

transport of total kinetic energy due to large-scale eddies is shown 
in the upper part of this figure (Unit: 1017 joule mb." day-1) and 
that of the vertical transport of total kinetic energy due to large- 
scale eddies is shown in the lower part (Unit: lo+ joule cm." 
day"). 

this sink region  from the source regions located on both 
sides. For comparison, the  distribution of the poleward 
and vertical  transports of total kinetic energy by  the 
large-scale eddies is shown in figure 7B5. 

C. EDDY AND  ZONAL KINETIC  ENERGY BUDGET 

The  equations for the  rate of change of the hemispheric 
mean of eddy  kinetic energy and of zonal kinetic energy 
may be written as follows: 

where u is the zonal component of the  earth wind velocity. 
We shall refer to -da' and -w a as the eddy con- 
version term  and the zonal conversion term, "v' Frg 

-E "x-' -E 

and --=" as  the eddy  dissipation cind the zonal - 
dissipation,  and -w'+' and -a 6 as the  eddy  pressure 
interaction  and zonal pressure interaction term, re- 
spectively. (&. KB)2 represents the energy transfer 
from zonal kinetic energy into the eddy kinetic energy 
attributed to the vertical  interaction  term (Reynolds 
stress by the Iarge-smle eddies) and (Kz. rep- 
resents the remaining part of the transfer from Kz to K,. 

In the  upper part of figure 7C1, the  vertical  distributions 
of these  terms  contributing to the change of eddy  kinetic 
energy are shown. As the  upper part of figure 7C2 shows, 
the  net effects of the eddy conversion of potential energy 

4 -" 

and the eddy pressure interaction  term  create double 
maxima in the distribution of the source of eddy  kinetic 
energy at the level of the  jet stream (200-mb. level)  and 
in the boundary  layer. According to figure 7c1, the 
upper tropospheric maximnm in the source of eddy 
kinetic energy is mainly compensated for by dissipation 
through  horizontal mixing and  the maximum in the bound- 
ary layer is mainly compensated for by dissipation  through 
vertical mixing. Although the magnitude of the eddy 
pressure interaction  term decreases remarkably  with 
increasing altitude at the level of the  jet  stream,  it 
supplies a significant amount of energy to the  stratosphere 
and  constitutes  a  major source of kinetic energy there. 

In the lower  half of figure 7Cl are  the  vertical  distri- 
butions of the terms  contributing to the change of zonal 
kinetic energy. As we stated already,  the maximum 
transfer from eddy kinetic energy into zonal Gnetic 
energy takes place at  about the ZOO-mb. level and wnsti- 
tubs  a  major source of zonal kinetic energy. Part of 
this zonal kinetic energy is dissipated at  the same level 
and part is transferred  by the zonal pressure interaction 
term  into the surface boundary  layer where dissipation 
predominates. (See the lower half  of  fig. 7C2.) Since 
the zonal pressure  interaction  term is estimated-as  a  small 
difference between two larger  quantities, the accuracy of 
the computation of its contribution is rather low. It is 
hoped, however, that  the general qualitative  features 
of its contribution  are  correctly  evaluated.  Figure 7C3 
shows the  summary of the budget which we have described 
so far. 
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FIGURE 7Cl.-The vertical distributions of the rate of change of eddy kinetic energy  due to various terms on an isobaric  surface  are shown 
in the upper  part of the figure, and those of the rate of change of zonal kinetic energy  are shown in the lower part. 

Finally, we shall examine the latitude-height  distribu- 
tion of some of these  terms. In the  upper  and lower parts 
of figure 7C4, the latitude-height  distribution of the eddy 
conversion term and that of tshe  eddy presure interaction 
term are shown, respectively. According to this figure, 
the eddy conversion of potential energy to kinetic  energy 
has  a maximum at  about the 500-mb. level in middle 
latitudes. In  the stratosphere, it hkq a small  negative 
value except around 50° latitude where some very weak 
positive conversion appears. Similar distributions of the 
eddy conversion term were obtained by Jensen [8] and 
Miyakoda [21]. In the  tropical  troposphere,  there are re- 
gions of extremely weak  conversion of potentid energy. 
Further  study is  desirable  to  determine how significant 
these negative regions are. It is  reasonable that the  eddy 
intermtion  term -d+’ has a maximum value in the 
upper  troposphere of middle latitudes or just below the 

-H 

region of maximum eddy kinetic energy where dissipation 
may  predominate. 

D. T O T A L   A V A I L A B L E  POTENTIAL ENERGY  BUDGET 

The equation for the rate of change of the  hemispheric 
mean values of AT (see equation 4F1) in the pressure co- 
ordinate  system  may  be  written as follows: 

* Thisequattmandequations VEl) and VEZ) a p ~ l y t o $ o b s r i c ~ u n f n ~ p ~  
by the  earth’s surf&%. The part of the chaw@ of Ar due to the change of I is neglected. 
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O T  

BUDGET OF KINETIC ENERGY ( )" denotes  the  deviation from the hemispheric mean. 
The first term on the right-hand side of equation (7D1) 
corresponds to  the effect of the redistribution of total 
available  potential energy by vertical  motion. The  third 
term  denotes the  net generation of available  potential 
energy caused by  the effect of radiation,  convection,  and 
horizontal diffusion. (CR) is the  extra  term which arises 
from the simplified definition of available  potential  energy. 
In general, this term is very small and, therefore, it will be 
excluded from further discussion. 

In the upper part of figure 7D2 are shown the vertical 
distributions of the  net generation of total available 
potential energy by convection,  radiation, and subgrid- 
scale horizonta.1  mixing.  According to  this figure, con- 
vection generates the available  potential  energy and 
radiation  and subgrid-scale diffusion destroy it. Figure 
7D1 shows that  the net  generation by t.hese three processes 
is  mostly compensated by the conversion of total available 
potential  energy, Le., by w a r  The conversion term  has 
a maximum value at  about  the 500-mb. level which is 
somewhat lower than  the level of maximum net  generation. 
Vertical transport of AT adjusts  the imbalance between 
them. 
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FIGURE 7C3.-Schematic  diagram  showing the vertical distiihtions 
of the budget  components of kinetic energy. 

30 
E. ZONAL AND EDDY AVAILABLE POTENTIAL  ENERGY 

BUDGET 
The equations for the  rate of change of the hemispheric 

means of Az and Ae (see equations 4F2 and 4F3) in a 
pressure co0rdinat.e system  may  be  written as follows: 
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CD 
Y 

. lo = 

_" 
dAz" - =" b -  
at bP ( w A ~ ) ~ + S ~ + ~  P (??)' I .  (6 ) 

-A ' I R  

-i 10 0 
and 

- 0  

FIGURE 7C4.-The latitude-height distributions Of -xR (in The krms on the ripht,-hand sides of equations ( 7 ~ 1 )  
units of joule cm.-* mb." day-') and that of -wT" (in units of 
10-4 joule cm.-* day") on the isobaric  surface are shown in the and (7E2) are the zonal and  eddy  generation of avail- 
upper and  lower parts of the fiqre, respectively. nble potential e n e v ,  and <A~.A&" is the conversion 
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FIGURE 7Dl.-The  vertical  distribution of the  budget components R A E  OF CHANGE IJOULElDAY. KBI 

of total available  potential  energy, of zonal  available  potential 
energy, and of eddy available potential energy on an FIGURE 7D2.-The vertical  distribution of the  generation or de- 
surface are shown in the upper, middle, and lower psrts of the struction of available  potential  energy  due to convection,  radiation, 

figure, respectively. and horizontal  subgrid-scale  mixing. The  distributions for the 
total  available  potential energy,  zonal  available potential energy, 
and  eddy  available  potential  energy  are  shown  in  t,he  upper,  middle, 
and lower parts of the figure,  respectively. Note  the change of 
horizontal  scale on  the  eddy  graph. 

-~ 
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from zonal to eddy available potential energy. (CRZ) 
and (CRW are terms arising  from the assumption adopted 
for  the linearization of the definition of available potential 
energy.  Again, we shall disregard these terms in the 
following  discussion. 

According to figure 7D1, the  net generation of zonal 
available potential energy has a maximum  in the upper 
troposphere. This generation is mostly compensated 
for  by  the transformation of zonal available potential 
energy into eddy available potential energy, which is 
also a t  a maximum in the upper troposphere. Figure 
7D2 shows that  the major mechanism  which generates 
t3he  zonal available potential energy is the heat,ing  caused 
by vertical Convective  mixing (conduction from the 
earth's surface and moist convective adjustment). 

The budget components of eddy available potential 
energy are shorn in  figure 7D1. According to this 
figure the energy supply from the zonal  available  po- 
tential energy constit>utes a major source of eddy arail- 
able potential energy. On  t,he other  hand, major sinks 
are the transformat,ion into eddy kinet.ic  energy and the 
net destruction by radiation, convection, and horizontal 
diffusion. Figure 7D2 shows that  the convective adjust- 
ment dest'roys  some of the eddy available pot.entia1 
energy new  the  earth's surface. The vertical transport, 
of A, (see equation 4F3) compensates  for the height, 
difference  bet,ween the level of maximum supply  and 
t,hat of maximum  loss. 

Because the latitudinal  temperature gradient is too 
large  in the upper troposphere of our model, the sharp 
maximum of energy transfer between  zonal available 
potential energy and  eddy available potentiai energy in 
the upper troposphere may  be exaggerated  in our cal- 
culation. The general qualit.ative features of the energy 
budget described above, however, may not be too far 
from reality. It would be desirable to carry  out a similar 
study of the vertical dist,ribut,ion of energy budget for 
the real atmosphere. 

F. ENERGY  BALANCE OF ME STRATOSPHERE 

In order to investigate the energetics of the  strato- 
sphere obtained from  ourmode1,we constructed energy  dia- 
grams for a stratospheric  layer (P/P*=0.034 to 0.126, i.e., 
t.he  second layer from the  top). Figure 7F1 shows the two- 
box  energy diagram. The terms which are written outside 
the domain enclosed by dashed  lines represent the in- 
teraction with other layers. Since the interaction between 
the second layer and  the lower layer is much larger than 
that between the second layer and  the  top layer, we may 
regard  t,hese terms outside the domain as  the interaction 
between this strat,ospheric layer  and the lower layers of 
the atmosphere. According to this figure, the energy 
transfer from  below  is mainly accomplished by t.he 
pressure  inberaction  term -c,P+~. This energy supply 
counterbalances the loss of kinetic e n e m  by  the con- 
version  from kinetic energy to potential energy and  by 
dissipation. The available potential energy thus con- 

- 
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FIGURE 7Fl.--?tvo-box energy  diagrams  for the model  stratosphere 
(approximatdg the 34-126-mb.  layer). Qg, generation of avail- 
able  potent.ial  energy  due to radiat,ion and convection  from the 
earth's  surface. oA, the  effect of the vertical  transport of avail- 
able  potential  energy. w K ,  the effect of vertical  transport of 
kinetic  enerpv. 4, effect of the pressure  interaction  term. The 
unit of energy  transformation  is 10-3 joule mb." cm.+ day-l and 
the unit of energy  itself is joule  cm.-* mb.". For further  expla- 
nation  refer to figure 7A1. NOTE: Value of @ Z  should be ,064 

instead of 372. 

verted from kinetic energy is destroyed by  the subgrid- 
scale thermal diffusion and by radiation.  These results 
are in qualitative agreement witjh the conclusion obtained 
by Barnes [2], Miyakoda [21], and 001% [24] for the actual 
atmosphere. 

In order to compare our results witah the energp diagran 
obtained by  Oort [24] for t,he act,ual atmosphere, a four 
box  energy diagram is shown in fqure 7F2  together wit,] 
the diagram of Oort [24]. According to this  diagram,  t,h 
eddy kinetic energy of the stratosphere is supplied by t.h 
lower  at-mosphere through the eddy pressure int.eractioi 
term. The eddy kinet.ic energy t.hus produced is t'rans. 
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FIGURE 7F2.-Four-box  energy  diagram  for the stratosphere  of the model  atmosphere  (approximately  3&126-mb.  layer)  and of the actus1 
atmosphere  (30-100-mb.  layer)  as  compiled  by 001% [24] are  shown in the  left and  right-hand  sides of the figure,  respectively. The 
energy  exchange  with the other  layers of the atmosphere is shown  by  extending  the  arrow  outside the domain  enclosed  by the dashed 
line. R.S.=the mass  integral of the Reynolds  stress  term < K z . K B > *  (see equation (7C6).).  The unit of energy  transformation is 

joule  mb."  cm1.-2  day-',  and the unit of energy itself is joule  cm.-*  mb.-l  For  further  explanation,  refer to fiaures  7A1  and  7F1. 
Nom: value  of @ should be .056  instead of .064. 

ferred into zonal kinetic energy and  then into  the zonal 
available potential energy. The transfer of energy  de- 
scribed so far is in  qualitative agreement with the results 
of Oort [24] obtained for the actual atmosphere. Quanti- 
tatively,  the  magnitude of the  eddy pressure interaction 
from the lower atmosphere and that of energy  exchange 
between  zonal and eddy kinetic energy are much larger 
for our model atmosphere than for the  actual atmosphere. 
There  are ot.her  disagreements.  According to this dia- 
gram, small amounts of zonal available pot.entia1 energy 
are transferred into eddy available potential energy, in 
qualitative disagreement with the results Oort [24] ob- 
tained for the actual atmosphere. Also, the degree of 
destruction of zonal available potential energy by radiation 
is much smaller than  that for the  actual atmospbere. 

These comparisons  suggest that  the energy  cycle  in the 
model stratosphere is  significantly  different from, a t  least, 
Oort's results for the stratosphere despite some qualitative 
similarity. In order to simulate the stratosphere  more 
realistically, the following improvements of the model are 
being planned : 

(1)  lmprovement of vertical resolution of the model in 
the neighborhood of the tropopause. This  improvement 
may enable us to represent the vertical variation of the 
pressure interaction term more accurately. 

(2) Incorporation of the effect of condensation. This 
improvement may significantly alter the meridional tem- 
perature  gradient of the atmosphere and therefore change 
the magnitude of the zonal kinetic energy in the  strato- 
sphere as well as in  the troposphere. 

(3) Incorporation of the seasonal variation of radiation. 
Since the condition of the stratosphere varies drastically 
from  one  season to another, i t  is essential to include this 
effect  for the successful simulation of the climatology of 
the  stratosphere. 

8. CONCLUDING REMARKS 
In this study, we achieved a rektonable degree of success 

in simulating t,he vertical structure of t,he atmosphere by 
adopting a model with a relatively high vertical resolu- 
tion. The general thermal structure of stratosphere- 
troposphere syst,em is simulated. The pole-to-equator 
difference  in the height of the tropopause turned out  to be 
approximately 7 km., which  is reasonably close to the 
observed difference of 10 km. The  latitude of the tropo- 
spheric jet coincides with the observation. The general 
features of the distributions of radiative flux and convec- 
tive flux are very similar to what London obtained for  the 
actual atmosphere. Also, the characteristic features of 
wave distnrbance are successfully simulated. The wave 
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number of these disturbances decreases very sharply wit'h 
increasing altitude around the level of the tropopause, 
and very long waves predominate in the stratosphere. 
The level of maximum eddy kinetic energy is around  the 
200-mb.  level and coincides  with the level of maximum 
in the actual atmosphere. The vertical dist.ribution of 
the budget of kinet.ic  energy is in qualitative agreement 
with the recent results of analyses of the actual atmos- 
phere. For example, the kinetic energy of our model 
stratosphere is maintained by  the supply of energy  from 
the troposphere  through the pressure interaction term 
in agreement with the results obtained by analysis of the 
actual atmosphere. 

On the other hand, there are  many discrepancies 
bet~ween our model atmosphere and the actual at,mosphere. 
Many of the discrepancies pointed out  by Phillips [27] 
and Smagorinsky [37] in their numerical  experiments are 
still present. For example, the ratio of eddy kinetic 
energy to tshe  zonal kinetic energy and that of eddy avail- 
able potential energy t,o its zonal value are much  smaller 
for our model atmosphere than for the actual atmosphere. 
Also, the latitudinal gradient, of temperature of our model 
in  middle latitudes is much larger than  the observed 
gradient. Accordingly, the intensity of t.he jet stream 
which we obtained from our model  is  much t,oo strong. 

In the  stratosphere, the latitudinal increase of tempera- 
ture with  increasing lat,itude is insufficient. Thus, the 
st,rat*ospheric  westerlies of our model atmosphere turned 
out. to be  much stronger than  the observed annual mean. 
The amount. of energy  supplied  from the troposphere into 
the stratosphere also  seems to be  much  larger  for the model 
than for the acttlal atmosphere. The eddy kinetic,  energy 
created by this energy supply is used to maintain tvhe very 
large zonal  kinetic,  energy of our model stratosphere. 
These features of t,he stratosphere obt,ained  from our com- 
putation  are much  closer  t,o  t,hose of the winter strato- 
sphere than  to those of the annual mean stratosphere 
despite the fact. we adopted the  annual mean  insolation 
for onr computation. 

One of the major factors which may be  responsible 
for these discrepencies is tha.t~  the condensation  process 
in t,he atmosphere is missing  in the model. For example, 
the modification of tzhe  latit,udinrtl distribution of heating 
by condensatdim could aker significantly  t.he t,emperature 
gradient. in  middle latitudes  and accordingly the intensity 
of the zonal current. Recent,ly, we have completed a. 
preliminary integration of the general  circulation  model 
which  includes a simple  hydrologic  cycle. The compara- 
t,ive result is discussed  in a companion paper [18]. 

Also, the effects of the asymmetriesof the lower bound- 
ary such as mountains  and land-sea distribution could 
be important. Recently, Mint,z [20]  successfully  simi- 
lated the longitudinal as well as latitudinal  distributions 
of temperature  and pressure at  the earth's surface by incor- 
porating these effects.  As  we  discussed already, t,hey may 
significantly  increase the  ratio of eddy t,o  zonal  kine& 
energy. 

Another factor of importance is the horizontal and 
vertical resolution of the model.  According to  the pre- 
liminary results of an  integration of our model with 
higher horizontal resolution (N=40), the magnitude of 
the northward  transport of total energy (or momentum) 
due  to  the meridional circulation and that  due  to  the 
large-scale  eddies are significantly  different from the 
results obtained from the present model (N=20) .  Re- 
cently, Smagorinsky and staff members [38] performed 
a series of forecast experiments with  real  initial data  and 
concluded that  the increase of resolution greatly  improves 
their forecasts. Therefore, it seems mandatory  to perform 
experiments with  greater resolution; otherwise, the quan- 
titative comparison of our results  with the feat~ures of 
the actual atmosphere will be of limited value. 

In  this  study, a great deal of effort  is devoted to  the 
analysis of the budget of kinetic energy of our model 
atmosphere. We attempted to show  how the kinetic 
energy of the jet,  stream, the large eddy  kinetic energy 
in the upper troposphere, and  the kinetic energy of the 
st,ratosphere are maintained against dissipation. Al- 
t.hough  some of the results we obtained are in qualitative 
agreement with analyses of observed data,  further  study 
of the budget of kinetic energy of the  actual atmosphere 
is  needed for the satisfactory verification of simulation. 

Finally, it must be pointed out, t,hat. part of the success 
in simulating the atmosphere is due  to  the  fact  that we 
adopted the climatological distribution of atmospheric 
absorbers for the computat,ion of radiative transfer. It 
is a further goal of our studv t,o  perform the numerical 
int,egration without assuming the climatological distri- 
but,ion of water vapor, ozone, and clouds. 

APPENDIX  I.-FINITE  DIFFERENCE  EQUATIONS 
A. SPACE  DIFFERENCE 

The finitse  difference  represent.at,ion of the non-linear 
term, which  satisfies  some of the integral  requirements of 
inertia terms  and avoids some of the possibilit#ies of non- 
linear instability (pointed out. by Phillips [29]) mas recently 
proposed by Arakawa [l]. Basing it upon the  same prin- 
ciple, Lilly' proposed R general  energy and  momentum 
conserTing represent,ation of t.he  non-linear t>em which we 
adopt.ed for the present,  st.udp. 

In order to facilitate the display, we shall first,  define 
t$he  following sum  and difference operators  adopted by 
Shuman and T'anderman [36] and Lillp [13]. 

where cp is any function of t3he variable X .  For example, 
the n o t d o n  cp signifies that.  the value of t$ at, t,he adjacent 
levels is averaged. 

4 

7 Pemnal mmmunic9tion. 
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The finite difference forms of equations of motion in 
this notation are 

where & is the Q-thickness of a layer. The k i t e  dif- 
ference  form of the continuity equation is 

-x -Y 

P*=-m2[Sx(%) bt +6y ('e? ] A""P* 6QQ - 4 2  (AI5) 

The thermodynamica.1 equation is 

- (P,T)=-m2 b 
at (qx Tx)+Sy ( P z y  .Ty)] A-I 

As we mentioned before, the free-slip  wall  is  assumed a t  
the side boundary. On a wall  parallel  t,o the Y-axis, 

(AIS) 

and 

On a wall  parallel to the X-axis, 

6 y  (P* g)=o 
and 

vy P , -  =o m 

(AI10) 

(AI11) 

For the configuration of the side  wall,  refer to section 2F. 

B. TIME  DIFFERENCE 

In general, we adopt a centered  difference for the time 
integration. The viscous  force term  and  the thermal 
diffusion term, however, are computed by forward time 
differences to guarantee  computational  stability. The 
time interval adopted for the integration is 10 min. In 
order to avoid the growth of a computational mode, t$he 
wind, temperature, and pressure  fields at three consecutive 
time steps are averaged by the weights of 0.25, 0.5, and 
0.25 every 53 time steps. 

APPENDIX II."3-DIMENSIONAL INTEGRAL 
PROPERTIES 

Here, we shall obtain the expressions  for the mass 
integrals of the changes of kinetic energy, angular momen- 
tum, available potential energy, and gross stat.ic stability 
which are used in section 3. 

A. KINETIC  ENERGY 

The mass integral of the equation describing the change 
of kinetic energy gives 

where 

(AII1) 

where 4, is the geopotential of t,he earth's surface, K is 
the kinetic energy per unit mass, and f ( ) d A  denotes 
the area integral. C and D denote the conversion  from 
potential to kinetic energy and the dissipation by  the 
subgrid-scale  mixing,  respectively. In the  present com- 
putation,  the second term on the right-hand side of the 
equation (AII3) is zero  because we adopted a flat lower 
boundary. 

B. A B S O L U T E   A N G U L A R   M O M E N T U M  

The mass integral of the equation describing the change 
of absolute angular  momentum gives 

- [ s(  s' 5 AAQ) dA]= (MTQ) +(ST&) (AI 15) at 0 9  

a 
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(MTQ) and (STQ) are  torque  due to mountains and sur- 
face drag, respectively. 0, +* and ( T ~ ~ ) ~ , ~  denote latitude, 
the geopotential of the earth’s surface, and  the surface 
stress respectively. In the present computation (MTQ) 
is  zero. 

C. AVAILABLE POTENTIAL  ENERGY 

According to Lorenz [ 151, the available potential energy 
can be  defined as follows 

?I= @+I) -@+a ( A m )  

where E and I denote  potential  and int.ernal energies 
respectively. The operator - denotes the quantities 
which  would be obtained after  redistributing the atmos- 
phere until the isent,ropic  surfaces are horizontal. The 
equation describing the change of available pot,ent.ial 
energy  is 

(AIIS) 

where 

Y 

- ” ”* dA (AII11) . 9 dt 

G is the  net generation of avdable potent,ial energy by 
radiative heating GRAD,  by convection qcv, and by GKD,  
which is the equivalent heat source  corresponding to  the 
effect of horizont,al  diffusion.  Second terms on the right- 
hand side of the equations (AIIIO) and (AII11) are zero 
in the present  comput,a.tion  because of the lack of 
mountains. 

D. GROSS  STATIC  STABILITY 

hlodifying slightly the definition  given by Lorenz, we 
can  define static st,abilit,y of the atmosphere as follows 

+-(E+I)+(E+E (AI1 12) 

where = d e n o h  the quant,ities of the idealized atmos- 
phere  whose  pot.ent.ia1 t.emperature is constant everywhere 
and whose  mean potential  temperature is equal to that of 
the act,ual at,mosphere. 

The equation describing the change of gross st,atic 
st,ability of the atmosphere is 

(AII13) 

where GG is the  net rate of destabilizat.ion of t,he gross 
s t d c  stability of the atmosphere by q m D 1  qcv, and @HD, 

a.nd is represent.ed by the following equation 

J 

Again, the second term on the right-hand side of the 
equation is zero in the present calculation. 

APPENDIX  Ill.-SUBGRID-SCALE MIXING 
COEFFICIENT 

The coefficient of diffusion KK in the subgrid-scale 
mixing  used  in the model is computed from the relation: 

where the notation is that, of section 2@). The only 
factor in this equation not exactly specified by t,he theory 
is the  Karman  constant ko. We  used a value of 0.4  in the 
long-time  integrat,ion report,ed on  here. However, we 
performed  extensive test integrations using a simple  two- 
level stereographic model with four  values of ko around 
0.4 to make  sure we adopted a reasonable value for this 
parameter. The simplified  model  was  essentially t,he 
same as used  in the general  circulation experiment 
except for modifications to the surface drag and convective 
adjustment  made necessary  because of the low resolution 
in the vertical. A simple parametric heating function 
was  used instead of the explicit radiation  computation 
of the regular nine-level  model. 

The model  was st,arted from rest and an isothermal 
state  and run  with k0=0.4 until a more-than-adequate 
pole-to-equator temperatsure gradient htbd developed and 
baroclinic waves were  beginning  t,o  form. Then an arbi- 
t>rary time step u-as chosen as an init,ial condition, and  the 
model was run 11 days beyond this  point four times  wit,h 
four different  values of ko (0.2,  0.283, 0.4, and 0.566) 
but with no other changes. 

Aft.er 11 days an inspection of the  maps of winds, 
pressure, and  temperature indicat>ed that those computed 
with  ko=0.4  exhibited the best,  compromise between too 
much  “noodling”  in  small-scale features  and too little 
development of baroclinic  waves. Space does not permit’ 
the printing of all the  maps that contributed to this 
decision, but figure  A-I11  shows  cross-sections of tempera- 
ture and meridional  wind at,  the  top level (250 mb.) dong 
a p e a t  circle  passing through the  Borth Pole. Cert,ainly 
it is clear  from these curves that ko=0.566 gives too much 
smoothing and ko=O.2 not  enough. However, whether 
ko=0.4 is the optimum value is still in doubt, but this 
value WHS chosen  for the longtime integration because of 
its historical  precedent. 
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3' \ 
MERIDIONAL WIND VELOCITY AT250 MB 
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FIGURE A-111.-Cross-sections of meridional wind and  temperature a t  250 mb. along a great circle passing  through the  North Pole  computed 
in a simple twc-level baroclinic mod61 solved on a stereographic  projection.  Four  runs of 11 days  each were made  in which the only 
difference in  the model was the  value of the  Karman  constant (ko) used in the horizontal diffusion of momentum  and  heat.  These  four 
values were 0.2 (short-dashed curves  with  stars), 0.283 (dash-dotted  curves  with  triangles), 0.4 (solid curves  with solid circles), and 
0.566 (long-dashed curves  with open circles). 
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